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Development of simple and versatile surface modification strategies is of high importance in 
science and technology to design functional surfaces with tailored properties such as wettability, 
adhesion, and bioactivity. Many efforts have been devoted to expand the existing surface 
modification toolbox including self-assembled monolayer (SAM), functionalized silanes, 
Langmuir-Blodgett deposition, and layer-by-layer assembly. Another widely used tool that 
provides spatial and temporal control over the surface modification process are photo-based 
techniques. Recently, inspired by strong adhesion of natural polyphenols existing in mussel foot 
proteins (mfp) and the binding ability of plant phenolic compounds to a variety of substrates, 
substrate-independent coating precursors have been evolved. The main focus of this doctoral 
thesis is to introduce strategies for photo-induced polymerization, deposition, and patterning of 
plant polyphenols and to use macrocyclic synthetic polyphenols, known as resorcinarenes, to 
functionalize the surface of a variety of substrates.  
In Chapter 1, an introduction is given to describe the recent progress in the field of mussel-
inspired substrate-independent nanocoatings. Preparation and adhesion properties of mussel-
inspired nanocoatings and the use of low-cost plant phenolic compounds and the building blocks 
derived from them as precursors for multifunctional universal coatings are realized. 
In Chapter 2, UV-induced oxidation and polymerization of plant phenolic compounds 
including tannic acid (TA), caffeic acid (CA), gallic acid (GA), and pyrogallol (PG) at acidic, 
neutral, and basic pH are described. By decreasing the pH of the polyphenols solution toward 
acidic condition, autoxidation of polyphenols could be inhibited in the dark environment, while 
UV irradiating the same solution could trigger polymerization, deposition, and patterning of the 
plant polyphenols. 
In Chapter 3, a bio-inspired strategy is described that enabled to retard and inhibit the 
autoxidation process of a small library of nine polyphenols in basic condition (at pH 8.0). 
Kinetics of oxidation of phenolic compounds was slowed down by using three natural 
antioxidants including sodium ascorbate (SA), glutathione (GSH), and uric acid (UA). UV 
irradiation of polyphenol solutions containing antioxidants, however, could trigger oxidation 
and polymerization of polyphenols which was used to make micropatterns of different plant 
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polyphenols on the surface. This strategy enabled to control the oxidation and polymerization 
process in the presence of antioxidants to form a more uniform polyphenolic nanocoating on 
the surface.  
In Chapter 4, modification of the surface of a variety of substrates by simple dip coating 
into the dilute solution of macrocyclic polyphenols, known as resorcin[4]arenes, is described. 
On one hand, eight hydroxyl groups on the large rim of these bifunctional resorcin[4]arenes 
could contribute to the adhesion of these compounds to the substrate serving as multiple 
anchoring points. On the other hand, the small rim can be decorated with different appending 
groups to introduce the desired chemical and physical functionalities to the substrate´s surface. 
A resorcin[4]arene possessing four alkenyl appending groups on its small rim (C-dec-9-
enylresorcin[4]arene) was synthesized and used to modify the surface via a one-step dip coating 
procedure. Hydrophobic and hydrophilic functional groups were introduced onto the 
resorcinarene-modified surface via thiol-ene photoclick chemistry.  
In Chapter 5, different strategies used to control the polymerization and deposition of plant 
polyphenols are discussed briefly. Using these strategies, a spatiotemporal control over the 
deposition of phenolic compounds was achieved, that enabled to form more uniform 
nanocoatings on the surface. A brief summary of resorcinarene-based surface functionalization 







Die Entwicklung einfacher und vielseitiger Oberflächenmodifizierungsstrategien ist von 
großer Relevanz in Wissenschaft und Technologie, um funktionelle Oberflächen mit 
maßgeschneiderten Eigenschaften, wie Adhäsion, Benetzbarkeit oder Bioaktivität zu 
konzipieren. Große Bemühungen wurden der Expansion der existierenden Oberflächen-
modifizierungstoolbox zur Darstellung funktioneller Oberflächen gewidmet, welche u. a. self-
assembled monolayer (SAM), funktionalisierte Silane, Langmuir-Blodgett Abscheidung, und 
layer-by-layer Abscheidung beinhaltet. Ein weiteres Werkzeug, welches räumliche und 
zeitliche Kontrolle über den Oberflächenmodifizierungsprozess erlaubt, sind photo-basierte 
Techniken. Kürzlich wurden, inspiriert von der auf einer Vielzahl von Substraten starken 
Adhäsion natürlicher in Foot Proteinen von Muscheln (mfp) vorkommender Polyphenole und 
adhäsiver, pflanzlicher Phenolverbindungen, substratunabhängige Beschichtungsvorläufer 
entwickelt. Das Hauptaugenmerk dieser Promotionsarbeit ist die Einführung von Strategien zur 
photo-induzierten Polymerisation, Abscheidung und Oberflächenstrukturierung pflanzlicher 
Polyphenole. Zudem werden als Resorcinarene bekannte makrocyclische, synthetische 
Polyphenole genutzt, um die Oberflächen einiger Substrate zu funktionalisieren. 
In Kapitel 1 beschreibt eine Einleitung den aktuellen Fortschritt im Feld Muschel-
inspirierter, substratunabhängiger Nanobeschichtungen. Im Anschluss werden die Darstellung 
und Adhäsionseigenschaften Muschel-inspirierter Nanobeschichtungen und der Einsatz 
günstiger, pflanzlicher Polyphenole und derer Bausteine als Vorläufer für die Herstellung 
multifunktionaler, universeller Beschichtungen geschildert.   
In Kapitel 2 wird die UV-induzierte Oxidation und Polymerisierung von pflanzlichen 
Phenolen wie Tanninsäure (TA), Kaffeesäure (CA), Gallussäure (GA) und Pyrogallol (PG) in 
saurem, neutralen und basischen Milieu beschrieben. Durch Erniedrigung des pH-Wertes der 
Polyphenollösung bis hin zu sauren Bedingungen konnte die Autooxidation der Polyphenole 
unter Lichtausschluss verhindert werden, während aus derselben Lösung durch Bestrahlung mit 




In Kapitel 3 wird eine von der Natur inspirierte Strategie beschrieben, welche die 
Autooxidation einer kleinen Bibliothek von neun Polyphenolen unter basischen Bedingungen 
(pH 8.0) verzögert und behindert. Durch Nutzung der drei natürlichen Antioxidantien 
Natriumascorbat (SA), Glutathion (GSH) und Harnsäure (UA) wurde die Oxidation der 
Phenolverbindungen verlangsamt. Die Bestrahlung der Lösung von Polyphenolen und 
Antioxidantien mit UV-Licht konnte die Oxidation und Polymerisierung initiieren, was genutzt 
wurde um Muster im Mikromaßstab von verschiedenen pflanzlichen Polyphenolen auf einer 
Oberfläche zu erzeugen. Es war möglich die Oxidation und Polymerisation in Anwesenheit von 
Antioxidantien zu kontrollieren, was einheitlichere Polyphenol Nanobeschichtungen auf der 
Oberfläche ermöglichte. 
In Kapitel 4 wird die Oberflächenmodifizierung einer Vielzahl von Substraten mittels 
Tauchbeschichtung unter Verwendung verdünnter Lösungen von makrocyclischen, als 
Resorcin[4]arene bekannten Polyphenolen beschrieben. Einerseits tragen acht 
Hydroxylgruppen dieser bifunktionellen Resorcin[4]aren-Molekülen zur Adhäsion bei, da sie 
als mehrfache Ankerpunkte zur Oberfläche dienen. Andererseits kann der untere Rand mit 
unterschiedlichen Seitenketten versehen werden, um erwünschte chemische und physikalische 
Funktionalitäten an der Substratoberfläche einzuführen. Eine Resorcin[4]aren-Verbindung mit 
vier Alkenyl-Gruppen am unteren Rand (C-dec-9-enylresorcin[4]arene) wurde synthetisiert und 
in nur einem Schritt zur Oberflächenmodifikation mittels Tauchbeschichtung verwendet.  Thiol-
En Photoclick-Chemie wurde verwendet, um die mit Resorcin[4]aren modifizierte Oberfläche 
mit hydrophilen und hydrophoben Gruppen zu funktionalisieren.  
In Kapitel 5 werden verschiedene zur Kontrolle der Polymerisation und Abscheidung von 
pflanzlichen Polyphenole genutzten Strategien diskutiert. Durch Nutzung dieser Strategien 
wurde eine räumliche und zeitliche Kontrolle der Abscheidung erzielt, was die Bildung 
einheitlicherer Nanobeschichtungen auf der Oberfläche ermöglichte. Eine kurze 
Zusammenfassung Resorcinarene basierter Oberflächenfunktionalisierung wird vorgestellt und 
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Symbols and Units  
°C  degree Celsius 
aq aqueous 
e.g.  exemplī grātiā (for example) 
eq.  equivalents 
et al.  et altera (and others) 
g gram 
h  hour 
Hz  hertz 
L liter 
M molar 
min  minutes 
N newton 
nm  nanometer 




μm  micrometer 
 
Solvents and Chemicals  
•OH highly reactive hydroxyl radicals 
1O2 singlet oxygen 
ACN  acetonitrile 
Ag  silver 
AgNO3 silver nitrate 
CDCl3  chloroform, deuterated 
DI water  de-ionized water 
DMPAP 2,2-dimethoxy-2-phenylacetophenone 
DMSO  dimethylsulfoxide 
EDMA  ethylene dimethacrylate 
GSH glutathione 
HCl hydrochloric acid 
HEMA  2-hydroxyethyl methacrylate 
KCl  Potassium chloride 
ME 2-mercaptoethanol 




PEG  poly(ethylene glycol) 
PFDT 1H,1H,2H,2H-perfluorodecanethio 
Ph  phenyl 
ROS  reactive oxygen species 
SA sodium ascorbate 
TEA  triethylamine 
UA uric acid 
 
Polyphenols  
CA caffeic acid 
catechol 1,2-dihydroxybenzene 
CBE crude extracts of cacao bean 
Ctl  catechol 
Ctn  catechin 
DA dopamine 
DHI 5,6-dihydroxyindole 
DOPA  3,4-dihydroxy-L-phenylalanine 
ECG  epicatechin gallate 
EGC  epigallocatechin 
EGCG  epigallocatechin gallate 
GA  gallic acid 
GTE  green tea extract 
HHQ  hydroxyhydroquinone 
MAP  mussel adhesive protein 




RWE crude extracts of red wine 





GC glassy carbon 
PDMS  poly(dimethylsiloxane) 
PE polyethylene 
PMMA polymethyl methacrylate;  
poly(HEMA) 








PTFE  poly(tetrafluoroethylene) 
pyrolized photoresist film PPF 
steel stainless steel;  
TiO2  titanium dioxide 
Zn zinc 
 
Instruments and techniques  
1H NMR Proton nuclear magnetic resonance 
AFM  atomic force microscopy 
C/O  carbon-to-oxygen ratio 
CA (θ) contact angle 
CAH (Δθ) contact angle hysteresis 
CV cyclic voltammetry 
CVD chemical vapor deposition 
DPV Differential pulse voltammetry 
ESI electrospray Ionization 
IR  infrared 
LB Langmuir-Blodgett 
LbL layer-by-layer 
MS mass spectrometer 
NMR  nuclear magnetic resonance 
PCA principal component analysis 
RMS mean square roughness 
Rq roughness 
SAM self-assembled monolayer 
SEM  scanning electron microscope 
ToF-SIMS time-of-flight secondary ion mass spectrometry 
UV  ultraviolet 
UV-Vis ultraviolet-visible  
WCA water contact angle 
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1.1 Universal coatings  
Chemical modification of bulk material surfaces plays a central role in modern science and 
technology. In order to introduce functionalities onto the material surfaces, a toolbox of 
different methods including layer-by-layer assembly, self-assembled monolayer (SAM) 
formation, functionalization via silanes, Langmuir-Blodgett deposition, and binding peptides 
have been used. However, there are still limitations in the widespread practical use of the surface 
functionalization techniques. Examples include the complex instrumentation required and the 
limitations of substrate size and shape in Langmuir-Blodgett deposition, the need for multistep 
procedures in layer-by-layer assembly and surface-binding peptides, and the need for chemical 
specificity between the precursor and surfaces in the case of alkanethiols on noble metals and 
silanes on oxides.1 Lack of spatial and temporal control over the deposition, poor control of 
layers thickness and regularity and long-term stability are other key limitations of many surface 
modification techniques. The spatial control of covalently bound functions is also particularly 
difficult to achieve.2 
Universal coatings are a complimentary class of surface functionalization techniques that can 
be used to modify a wide range of material surfaces with different size and shape, typically 
without a need for multistep procedures or complex instrumentation. Ideally, such techniques 
can be used to form substrate-independent coatings on a variety of substrates regardless of the 
chemical and physical characteristics of the surface.3 To develop universal coatings, several 
strategies have been used including layer-by-layer (LbL) assembly, laser deposition, surface 
irradiation, chemical vapor deposition (CVD), the use of blood proteins, spraying fumed silica, 
spin coating, and electrografting of aryldiazonium salts.3  
Alternative substrate-independent coatings that have gained tremendous interest over the last 
decade are mussel-4 and plant polyphenol-inspired5,6 nanocoatings. Inspired by the adhesive 
proteins secreted by mussels for attachment to wet surfaces and the strong interfacial 
characteristics of plant polyphenols, mussel- and plant polyphenols-inspired coating strategies 
have been used as a versatile, single step tool for surface modification of multiple classes of 






Coatings inspired by plant polyphenol maintain numerous of the advantages of mussel-
inspired coatings and could deposit on the surface under the same conditions, but can form 
colorless and less costly coatings in some cases.5 
Herein, the preparation and physicochemical properties of mussel-inspired coatings and plant 
phenolic compounds as precursors for the formation of multifunctional nanocoatings are 
discussed in chapter 1. Coatings based on polyphenols can potentially lead to a lot of useful 
applications. The ability to control polyphenol nanocoatings spatially and temporally would 
significantly expand the number of potential applications. In chapter 2 and chapter 3, two 
strategies are presented that enable the control of polymerization and deposition of plant 
phenolic compounds spatiotemporally. In chapter 4, substrate-independent surface 
functionalization via macrocyclic polyphenols such as resorcinarenes is reported. A conclusion 
and outlook of these studies are presented in chapter 5. 
 
1.2 Mussel-inspired coatings 
Investigations on the strong wet adhesion property of invertebrate mussels to solid surfaces 
revealed that the robust adhesion of mussels to diverse substrates originates from the presence 
of 3,4-dihydroxy-L-phenylalanine (DOPA) and lysine-enriched proteins near the plaque-
substrate interface. In 2007, oxidative polymerization of dopamine (DA), a mimic of DOPA, 
was used to form a polydopamine (PDA) coating on various types of inorganic and organic 
substrates.1 Polydopamine is also a major pigment of naturally occurring melanin (eumelanin). 
Polydopamine incorporates functional groups such as catechols, amines, and imines in its 
chemical structure that can serve as starting points for post-modification with desired molecules 
and the loading of transition metal ions.7 
PDA-derived coatings have been used as one of the most powerful tools available for 
modification of surfaces with a broad range of potential applications in the biomedical, energy, 
consumer, industrial, military, and other sectors.4 A schematic summary of polycatecholamine 







Figure 1.1 Schematic summary of polycatecholamine formation, modification, properties, 
and applications. 
 
1.2.1 Polydopamine (PDA) formation and deposition 
The widespread adoption of PDA originates from its simplicity, low cost, and adaptability in 
a variety of scientific and applied engineering contexts.4 The simplest coating method of PDA 
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period of time.1 PDA coating deposits on the surface spontaneously and can be used without 
further modification or as a primer for secondary coating.4  
Oxidative polymerization of dopamine triggered by dissolved oxygen at the alkaline pH of 
the solution is the driving force for PDA coating formation. The details of this process remain 
an active area of investigation and many features of PDA formation and structure remain 
unknown.4 A brief overview of existing theories of PDA formation and structure is shown in 
Figure 1.2.4  
 
Figure 1.2 Theories of polydopamine structure and formation ranging from noncovalent self-
assembly of subunits to form quinhydrone or trimer assemblies to the covalent coupling of 
subunits to yield a catecholamine/quinone/indole heteropolymer or eumelanin-like oligo-
indoles.4 
 
The oxidation product of dopamine (dopamine-quinone), undergoes a nucleophilic 





(DHI).4 In some theories PDA is considered noncovalent assemblies of DA and DHI. Other 
theories hypothesize that DA and DHI polymerize to form a heteropolymer composed of 
catecholamine, quinone and indole repeat units. Formation of eumelanin-like materials has also 
been suggested for DA polymerization. However, probably both covalent “polymerization” and 
“self-assembly” pathways contribute to PDA formation.4  
Several methods such as UV8 and microwave9 irradiation as well as using oxidants10 (such 
as ammonium peroxodisulfate, sodium periodate, and copper sulfate) have been used to 
accelerate polymerization and deposition of dopamine (DA) onto the surface of the substrate. 
 
1.2.2 Mechanism of adhesion of polyphenols to the surface 
The strong adhesion provided by catechol structure and the “crosslink-network” formed via 
autoxidation has been widely accepted as the main reasons for PDA attachment on various 
surfaces.11 Covalent and non-covalent interactions such as hydrogen bonding, π–π stacking and 
charge transfer interactions play a crucial role in PDA adhesion.11  
 
Figure 1.3 Proposed mechanism for the binding of DOPA to TiO2 and mica surfaces.
11 
Coordination bonding with TiO2 Hydrogen bonding with mica





In addition to the previously mentioned possible interactions, other adhesion mechanisms 
such as changing interactions from hydrogen bonding to coordination with the increase of pH 
for interaction of the catechol moiety with titanium dioxide (TiO2) surface, and bidentate 
hydrogen bonding for interaction of catechol with mica and SiO2 surfaces have been reported 
(Figure 1.3). 
 
Figure 1.4 Schematic illustration of the interaction of the DOPA (pH 8.3) (A) and DOPA-
quinone (pH 9.7) (B) with titanium (Ti) surface and covalent bond formation between DOPA 
and amines at the organic surface. Modified from Ref.12 Copyright (2006) National Academy 
of Sciences. 
 
Messersmith and co-workers12 reported a reversible coordination when catechol interacts 
with a titanium (Ti) surface (Figure 1.4A), while an irreversible covalence was reported between 
catechol and an amino-functionalized surface (Figure 1.4B). Using atomic force microscopy 
(AFM) measurements, they demonstrated that the oxidation of DOPA, increased adhesion to 
organic surfaces, while adhesion to Ti surfaces was decreased upon oxidation of DOPA. 
Lu et. at.13 proposed different possible interactions between the mussel foot proteins (mfp-3 
as an example) and different surface types including electrostatic, hydrophobic, cation-π, π-π 






the phenolic hydroxyl group and hydrogen-bonding acceptors was considered as the primary 
adhesion, while hydrophobic or π-π interactions played a crucial role in the adhesion of catechol 
to non-polar polymers such as polyolefins and polystyrene.8 However, the mechanism for 
hydrophobic interaction between catechol and substrates with a low surface energy such as 
polytetrafluoroethylene and polypropylene remain elusive.13  
 
Figure 1.5 A schematic of the likely interactions between the mussel foot proteins (mfp-3 as 
an example) and different surface types. Adapted from Ref.13 © 2012 The Author(s) Published 





1.2.3 Applications of mussel-inspired materials 
Substrate flexibility combined with a variety of ad-layer properties by covalent, coordinate, 
or noncovalent linkages with other molecules provides polydopamine (PDA) coatings with 
diverse functional properties. Applications of surface modification with PDA include 
development of new hydrogels14,15 surface coating and chemical functionalization,16–18 surfaces 
with special superwettability,10,19 fabrication of nanoparticles,20,21 and membrane.11 More 
applications such as stem and differentiated cell culture, antimicrobial surfaces, scaffold 
functionalization for tissue engineering, bioimaging, theragnostics, photothermal therapy, 
nanoparticles and capsules for drug delivery, microfluidics, energy storage devices, 
immobilization of photocatalysts and photocatalysts, carbonization, oil/water separation, water 
detoxification, membrane separation technologies, and numerous others that are summarized 
and reported in review articles.4,7,22 It is expected that the scope of PDA research and 
applications will expand further in the years to come.  
 
1.3 Plant polyphenol-inspired coatings 
Plant-derived polyphenols have been used in diverse applications in biology and materials 
science such as in bio-adhesives, antibacterial coatings, surfaces with reduced biofouling, 
immobilization of enzymes, drug delivery systems, anticancer drugs, energy storage devices, 
designing novel antioxidants, self-healing materials, and surface modification of membranes.23 
It has been shown that phenolic compounds, similar to dopamine (DA), can undergo 
autoxidation and deposition in alkaline pH conditions, in the presence of oxidizing agents or 
high-redox-potential enzymes.23 In the following sub-chapter, important bio-physicochemical 
properties of plant phenolic compounds that make them an attractive class of materials for 






1.3.1 Sources and biological function of plant polyphenols 
Plant-derived foods such as fruits, vegetables, cereals, chocolate and beverages including 
tea, coffee, beer, and wine are rich in phenolic compounds and play an important role in the 
defense system of plants.24 Numerous health benefits of plant phenolics such as antioxidant and 
anticancer effects and the elimination of the destructive effect of reactive oxygen species in the 
human body have been demonstrated.24 
Plant phenolic compounds are linked to diverse biological functions in plants such as 
resistance against microbial pathogens, reproduction, structural support, nutrition, antibiotic and 
antifeeding actions against animal herbivores, pigmentation, and protection against solar 
radiation (by screening against DNA damaging via UV-B light).5,25 Other physical and chemical 
properties of plant phenolic compounds include radical scavenging, absorption of UV radiation, 
metal ion complexation, and strong solid-liquid interfacial activity.5  
 
1.3.2 Oxidation chemistry of polyphenols 
Phenols and phenolate anions are sensitive to oxidation. Phenoxy radicals (PhO•) can be 
generated by hydrogen abstraction due to the relatively weak bond dissociation energy of the 
phenolic O-H bond (87-90 kcal/mol).25 Delocalization-stabilized radicals can readily be formed 
in a one-electron oxidation process of phenolate anions. Such radicals are considered key 
intermediates in the bio-conversion of simple plant phenolic compounds to more complex 
phenolic compounds through carbon-carbon and carbon-oxygen radical-coupling events. Some 
antioxidant properties of plant phenolic compounds rich foods originates from the ability of 
these compounds to homolytically release a hydrogen atom. Quinones generated from 
dehydrogenative one-electron oxidation processes of phenolic compounds can behave as 






Figure 1.6 Formation of reactive quinonoid species via oxidative dehydrogenation of 
dihydroxyphenyl (catechol) and trihydroxyphenyl (pyrogallol) moieties of phenols.25 
 
1.3.1 Coatings derived from plant polyphenols  
Historically, plant polyphenols have been used in manufacturing of leather (known as 
vegetable tannins) and as binding agents (lignin).5,25 The presence of a high content of 
dihydroxyphenyl (catechol) and trihydroxyphenyl (pyrogallol) in plant phenolic compounds has 
been realized to have an important role in their adhesive properties.5 One advantage of plant 
polyphenol-derived coatings is the lower price and transparent precursors compared to coatings 
derived from dopamine and other catecholamines.5 An increased adhesion rate, excellent 
availability, and good structural diversity are other advantages of plant phenolic compounds.24  
Various coating strategies have been developed to modify the surface of a variety of 
substrates with plant phenolic compounds including deposition induced by a basic solution, 
oxidizing agents, high-redox potential enzymes, metal-ion complexation, and UV irradiation.23 
All of the mentioned strategies rely on oxidation of catechol or pyrogallol moieties of phenolic 






Figure 1.7 Deposition of a thin adherent coating from foods and beverages rich in 
polyphenols on a surface. (A) Examples of foods and beverages with high polyphenol content 
(red wine, grapes, chocolate, raw cacao, and green tea leaves). (B) Chemical structures of some 
plant phenolic compounds, phenolic mimics, and building blocks. (C,D) Deposition of 
polyphenol coatings on the surfaces that were exposed to tea infusions or red wine. The 
polyphenols layer was visualized after treatment with an aqueous AgNO3 solution. Adapted 
from Ref.5 
 
One challenge in the coating formation is the rapid response of plant phenolic compounds 





deposition process, leading to the formation of weak and inhomogeneous coatings.23 In order to 
produce more homogeneous coatings, several strategies have been developed including the use 
of norepinephrine (a small molecule catecholamine), cyclic catechols, sonication of PDA-
coated substrates, and controlling the self-polymerization process of DA by using the 
CuSO4/H2O2 system.
23  
Another challenge is to develop a method that enables spatiotemporal control over the 
deposition of polyphenols. It has been shown that the oxidation kinetics of phenolic polyphenols 
could be controlled by varying laccase enzyme concentration, the pH of the solution of FeIII ion 
and polyphenol, and the pH of the coating solution.23 
Sileika et. al.5 demonstrated the formation of colorless, multifunctional nanocoatings from 
phenolic compounds found in foods and beverages and from their building blocks. They 
demonstrated the spontaneous formation of a thin layer on the surface of a variety of substrates 
exposed to polyphenol-rich beverages such as tea infusion. Coating formation from crude 
extracts of red wine (RWE), cacao bean (CBE), and green tea (GTE) was also demonstrated 
(Figure 1.7).5  
By immersing various substrates including titanium dioxide (TiO2), stainless steel and 
polytetrafluoroethylene (PTFE) in the slightly alkaline solution of pyrogallol (PG), tannic acid 
(TA) and two phenolic compounds that are known to exist in high concentration in green tea 
(pure ECG, EGCG), a polyphenolic layer could be formed on the surface. Tannic acid (TA) and 
pyrogallol (PG) were used to form polyphenol coatings with antibacterial properties against 
both gram-positive and gram-negative strains of bacteria that at the same time were not toxic to 
mammalian cells.5  
Barrett et. al.6 investigated the coating formation ability of 19 plant-derived or plant-inspired 
polyphenolic compounds in an approach that was analogous to polydopamine coatings, by 
immersing the substrate in the aqueous buffer solution of the polyphenol precursor. They 
demonstrate that coating deposition for each phenolic compound is dependent on an optimal pH 






Jeon et. al.26 used laccase-catalyzed polymerization of plant-derived phenolic compounds to 
form substrate-independent coatings. Plants use laccase enzymes to synthesize polyphenolic 
components such as lignins and poly(flavonoid)s from small phenolics such as monolignols and 
flavonoids.26   
Caruso and co-workers27 reported a one-step coating strategy of various substrates using 
coordination complexes of natural phenolic compounds and FeIII ions. They demonstrated that 
the film formation was dependent on the adsorption of the phenolic compounds and the pH-
dependent multivalent coordination bonding. They observed that the color of the solution of 
polyphenols and FeIII changed at different pH from colorless at pH values lower than 2, to blue 
at pH values between 3 to 6, and red at pH values higher than 7. This behavior was attributed 
to the transition between mono-, bis-, and tris-complex states (Figure 1.8).27  
 
Figure 1.8 The coordination interaction between FeIII ions and tannic acid (TA) is pH-
dependent. R is the remainder of the tannic acid molecule.27 
 
Our group23,24,28 and other groups29,30 used UV irradiation to accelerate polymerization and 
deposition of phenolic compounds. I24 used UV irradiation to accelerate the oxidation and the 
following polymerization of plant phenolic compounds including pyrogallol, tannic acid, gallic 
acid, and caffeic acid at different pH conditions ranging from pH 4 to pH 10. It was 
demonstrated that by reducing the pH of the phenolic solutions or by storing the solution in a 
dark environment, the kinetics of the oxidation and polymerization of the phenolic compounds 
slowed down. On the other hand, increasing the pH value or UV irradiation of the solution could 





plant phenolic compounds on the surface and used to make micropatterns on the surface of a 
variety of substrates. In another study,23 our group showed that autoxidation of phenolic 
compounds in basic condition can be inhibited in the presence of natural antioxidants such as 
sodium ascorbate, glutathione, and uric acid. UV irradiation of the solution, however, could 
accelerate the kinetics of the polymerization and deposition process. This strategy was used for 
on-demand polymerization and deposition of plant polyphenols and to form a more 
homogeneous nanocoatings on the surface. These two strategies enabled a controlled deposition 
process spatiotemporally which will be discussed in details in chapter 2 and chapter 3.  
 
1.3.2 Post-functionalization of polyphenolic nanocoatings 
Catechols and products of their oxidation (quinones), react toward a range of chemical 
groups, as summarized by Birkedal and co-workers31 (Figure 1.9). Common choices for post-
functionalization of plant- and mussel-inspired coatings are mainly self-coupling reactions, 
reactions with nucleophiles (such as amine, thiol, and imidazole groups), and complexation with 
metal ions. Post-functionalization reactions are affected by several factors including ionic 
strength, organic reaction partners, pH, and oxidants.31 
Such post-functionalization strategies have been used to introduce desired functional groups 
on the surface of polyphenol-modified substrates via different interaction mechanisms. The 
catechols mainly contribute to non-covalent, strong yet reversible interactions while quinones 
mainly participate in covalent non-reversible interactions.31 For example, quinones react with 







Figure 1.9 Commonly used chemistry of catechols and quinones. 1: formation of a complex 
with metal ions. 2: participation in hydrogen bonding. 3: Adhesion to the inorganic surface. 4: 
Boronate-ester complexation. 5: Semiquinone mediated self-coupling. 6: Michael-type 
addition. 7: Schiff base reaction. 8: Adhesion to an organic surface (amine-functionalized 
surface as an example). 9: Oxidation of catechol by FeIII.31  
 
1.4 Surface functionalization via macrocyclic polyphenols 
Most surface functionalization strategies use one attachment point per molecule interacting 
with the surface.33 The drawback of this approach is the formation of a weak adlayer on the 
surface34 or leakage of the modifying species.33 Therefore, multi-point surface functionalization 
strategies have been developed to improve these limitations. In the context of mussel- and plant 
polyphenol-inspired materials, Wei and co-workers35 developed substrate-independent coatings 
from a mussel-inspired dendritic polymer containing a large number of catechol and amine 
groups. In another study, Zieger and co-workers,36 inspired by the strong adhesion of catechols 
to a variety of substrates developed a cyclic catechol material with up to 32 catechol units to 






1.4.1 Calixarenes for surface modification 
An alternative type of macrocyclic polyphenols that enable multi-anchor points to the surface 
are resorcinarenes which are resorcinol-derived calixarenes. Gold, silver, silica, and quantum 
dots have been used as a support for calixarenes.37 Thiol-gold,38 ion-metal coordination,39 
amine-graphene oxide,40 silane coupling,41 and platinum catalyzed42 binding chemistries have 
been used to make a layer of resorcinarenes on the surface. 
 
Figure 1.10 Chemical structure of calix[4]arene (“N” are amine or azide functionality) (A). 
Cone structure of calixarene (B). Immobilized calixarene onto a surface by the lower rim (Ci) 
or by the upper rim (Cii).
33 
 
Buttress et. al33 reported functionalization of the surface using a calix[4]arene having 
aryldiazonium functionalities on the large rim and alkyne moieties on the small rim (Figure 
1.10). Reduction of aryldiazonium or oxidation of alkyne moieties were used to covalently 
attach this calix[4]arene to the electrode surfaces.  
Quan et al.43 immobilized functionalized calix[4]arene on the surface of Si-N3 via a click 
reaction for macroscopic chiral recognition by host-guest interactions. First, they modified the 
silicone surface with 3-(triethoxysilyl)propylamine to fabricate the Si-N3 containing surface. 







lower rim, copper sulfate, and sodium ascorbate for 8h at 75°C, a saturated modification was 
achieved. 
Calix[4]arenes possessing rigid tetrapodants were used by Mattiuzzi et al.2,44,45 to 
functionalize the surface by electrografting of calix[4]arene diazonium salts (Figure 1.11). The 
unique macroscopic structure of calixarene enabled the formation of a closely packed layer on 
the surface.2  
 
Figure 1.11 Electrografting of calix[4]tetra-anilines to the surface of, pyrolyzed photoresist 
film (PPF), gold (Au), or glassy carbon (GC).2 
 
1.4.2 Resorcinarenes for surface modification 
Resorcinarenes have been incorporated into molecular assemblies via Langmuir-Blodgett 
layer and lipid bilayers. Van der Waals interactions are considered as driving force of self-
assembled monolayers. Many attempts have been made to control the molecular interactions 
and orientation of the resorcinarenes on the surface in order to achieve selective binding.46 
Condorelli et al.47 used hydrosilylation of double bonds to bind resorcinarene cavitands with 
decylenic feet (on the lower rim) onto the H-terminated silicon (100) surface. Katz et al.48 
modified silica surface with chlorosilane to condense calixarene macrocycles onto the surface 
from the large rim side (Figure 1.12).  






Figure 1.12 Immobilization of p-tert-butyl-calixarene on the surface of silica for adsorption 
of a small-molecule. a) Using silicon tetrachloride to activate the surface of silica. b) 
Immobilization of calixarene to the surface via a chemical reaction. c) Adsorption of the guest 
molecule onto the anchored site.48 
 
Monolayers on gold and multilayers of resorcinarenes have been reported.49 Hassan et al.50 
used spin coatings and Langmuir-Blodgett (LB) techniques to deposit a thin film of amphiphilic 
calix[4]resorcinarenes on the surface (Figure 1.13). Such resorcinarenes have been used for 







Figure 1.13 Scheme of a multilayer calix[4]resorcinarene film structure formed on the 
surface as a result of bowl-to-bowl interactions and alkyl chains interdigitation.50 
 
1.4.3 Synthesis of resorcin[4]arenes 
Resorcin[4]arenes can easily be obtained by the acid catalyzed condensation of resorcinol 
with various aliphatic or aromatic aldehydes, which occurs by refluxing the reactants in a 
mixture of ethanol and concentrated hydrochloric acid (HCl) for several hours (Figure 1.14).46  
Usually, the cyclotetramer crystallizes from the reaction mixture in reasonable to high yields 
in a simple, one-step, untemplated reaction, although different optimal reaction conditions exist 
for different aldehydes. Resorcinarenes are versatile molecular platforms that can be secondarily 
functionalized in order to introduce desired functional groups on the lower or upper rim. Such 









Figure 1.14 The mechanism of the acid-catalyzed condensation reaction that forms 
calix[4]resorcinarenes. The acid catalyzed condensation of resorcinol with various aliphatic or 
aromatic aldehydes occurs by refluxing the reactants in a mixture of ethanol and concentrated 
hydrochloric acid (HCl) for several hours.46 
 
Inspired by the strong adhesion properties of the plant polyphenols to the surface, our group 
developed a new strategy to modify the surface of a variety of substrates using resorcinarenes. 
It was demonstrated that resorcinarenes could bind to the surface via interaction of eight 
hydroxyl groups on the large rim, while the small rim can be decorated with desired functional 
groups. Deposition of the resorcinarene layer on the surface of a variety of substrates was 
confirmed by static and dynamic contact angle measurements, atomic force microscopy (AFM), 
X-ray photoelectron spectroscopy (XPS), and Time-of-Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS). 
This strategy was used in order to introduce alkene moieties on the surface that were used to 





photoclick chemistry. These post-functionalized substrates were able to repel liquids with both 
high and low surface tension. High contrast of wettability between the hydrophobic and 
hydrophilic spots enabled the formation of a drop microarray of water, ethylene glycol, and 
cyclohexanol on the surface by rolling a drop of liquid on the photopatterned surface.  
In chapter 4, surface functionalization by deploying bifunctional resorcinarenes is described 
in more details. Such resorcinarene compounds can adhere to a variety of substrates from their 
large rim side, while their small rim side can be used for the post-functionalization. The 









2 Chapter 2. UV-Triggered Polymerization, Deposition, and 





                                                 
a This chapter is adapted from the publication below:24  
Behboodi-Sadabad, F.; Zhang, H.; Trouillet, V.; Welle, A.; Plumeré, N.; Levkin, P. A. UV-Triggered 






































































The ability to control surface properties via functional coatings is fundamentally important 
in various applications.51 Recently, mussel adhesive proteins (MAP) and their analogs 
containing multiple 3,4-dihydroxyphenylalanine (DOPA) moieties inspired many groups to use 
catechol (1,2-dihydroxyphenyl) containing molecules for surface coating and 
functionalization,16–18 nanoparticles fabrication and modification,20,21 surfaces with special 
wettability,10,19 and development of new hydrogels14,15 and membrane.11 Dopamine (DA) 
structurally similar to DOPA has been found to form versatile polydopamine nanocoatings on 
different materials by simple immersion of objects into a dopamine solution under basic 
conditions,6 in the presence of oxidants,10 and under UV irradiation.8  
Recently it was shown that different plant-derived phenolic compounds, isolated from 
various plants and rich in 1,2-dihydroxybenzene (catechol) and 1,2,3-trihydroxybenzene 
(pyrogallol) moieties, could also form nanocoatings, following polymerization using 
enzymes,26,52 coordination complexes,27,53 or using mildly alkaline solutions in the presence of 
dissolved oxygen.5 In comparison to polydopamine, coatings based on plant phenolic 
compounds were found to possess more rapid adhesion rate, lower cost, excellent availability, 
and good structural diversity.3 Phenolic compounds, found in various plant-derived foods (for 
example, fruits, vegetables, cereals, chocolate) and beverages (for example, tea, coffee, beer, 
wine) are known to be an important part of the defense system of plants.54 Plant phenolics show 
antioxidant and anti-cancer effect.54,55 Long-term use of plant phenolics can eliminate 
destructive effect of undesired reactive oxygen or nitrogen species in the body.55 Furthermore, 
plant phenolics are able to chelate metal ions, interact with surfaces and materials via charge-
charge, charge-dipole, and covalent bonds, quench reactive radical species and interact with 
oxidizing agents, oxidized catechol and pyrogallol moieties enable antimicrobial activity of 
plant phenolics.25,26,56 
Various lithographic techniques such as soft lithography and dip-pen lithography have been 
developed for surface patterning. Yet, most of the patterning methods are not applicable for the 
formation of gradients or for the fabrication of patterns inside closed microfluidic channels or 





capillaries is crucial in research areas ranging from micro- and nano-fluidics,57[20] analytical 
chemistry,58 drug delivery,59 clinical and diagnostics devices60 to separation science.61 
Coatings based on polyphenols can potentially lead to a lot of useful applications. However, 
the ability to control polyphenol nanocoatings spatially and temporally would significantly 
extend the number of potential applications. Recently, our group showed that dopamine 
polymerization and deposition could be accelerated by UV irradiation.8 In this chapter, the 
ability of UV irradiation to induce oxidation and polymerization of various plant-derived 
phenolic compounds has been demonstrated. The effect of UV on plant phenolic compounds 
was investigated using UV-Vis spectroscopy, ESI-MS and cyclic voltammetry. Various plant-
derived phenolic compounds including pyrogallol (PG), tannic acid (TA), caffeic acid (CA), 
and gallic acid (GA) could be polymerized under UV irradiation. UV-assisted polymerization 
and deposition of plant phenolic compounds was used to make polyphenol nanocoating on polar 
and non-polar substrates as well as to create gradients of polyphenol coatings. The ability to use 
UV-light to trigger polymerization and deposition of phenolic compounds opens the possibility 
to create polyphenol patterns and gradients within microfluidic channels, which was 
demonstrated by creating a pattern of PG inside a fused silica capillary. The use of UV-light to 
accelerate formation of polyphenol nanocoatings opens the possibility for the photolithographic 
patterning of functional polyphenolic nanocoatings on various substrates, extending the scope 
of potential applications of plant polyphenols. 
 
2.2 Results and discussions 
In order to realize the oxidative effect of UV irradiation, UV-vis spectra of 1,2,3-
trihydroxybenzene (pyrogallol, PG), tannic acid (TA), 3,4,5-trihydroxybenzoic acid (gallic acid, 
GA), 3-(3,4-Dihydroxyphenyl)-2-propenoic acid (caffeic acid, CA) (Figure 2.1), representing 
some of the most common phenolic compounds derived from plants, in variety of acidic and 






Figure 2.1 Schematic representation of the UV-induced polymerization (A), deposition (B), 
and patterning (C) of plant-derived phenolics: tannic acid (TA), pyrogallol (PG), gallic acid 
(GA), and caffeic acid (CA).24 
 
Kinetics and pH dependence of oxidation both in the dark and under UV irradiation (260 nm, 
10 mW/cm2), were investigated for each compound at 30 min time intervals for 2 h (Figure 2.2). 
Our results show that UV irradiation of PG, TA, GA, and CA even under acidic pH leads to a 
change of color and appearance of the UV absorbance. Figure 2.2A demonstrates the 
corresponding color change of the PG and TA solutions irradiated with UV light in comparison 
with those stored in the dark. UV-Vis spectra of irradiated PG (0.2 mg/mL, acetate buffer at pH 
5.0) and TA (0.2 mg/mL, phosphate buffer at pH 7.0) solutions shifted to higher absorbance at 
350 nm along with increasing UV irradiation time, while absorbance of non-irradiated samples 













































































Figure 2.2 UV irradiation of plant-derived phenolics leads to a change of color and increase 
in absorbance of solutions. The plant-derived concentration of phenolic compounds in each 
sample is 0.2 mg/mL in a corresponding buffer (100 mM). (A) Photographs of the 
corresponding solutions after UV irradiation and in the dark. UV-Vis spectra of PG solution in 
acetate buffer at pH 5.0 (B) and TA in phosphate buffer at pH 7.0 (C) stored in the dark (left) 
and after UV irradiation (right) measured at different time intervals.24 
 
Increased absorbance of solutions after UV irradiation was also observed for PG, TA, GA, 
and CA at different pH conditions (both acidic and basic) (Figure 2.4, 2.5, Figure S8.1-7). The 
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Figure 2.3 (A) Absorbance of the PG (left) and TA (right) solutions at 350 nm as a function 
of time and pH. (B) Normalized UV absorbance of PG, TA, GA, and CA solutions at 350 nm 
at 0 h, before and after 2 h of UV irradiation. A significant increase in UV absorbance is 
observed for phenolics solution after 2 h UV irradiation.24 
 
 
Figure 2.4 UV-Vis spectra of PG solution (0.2 mg/mL) at pH 6.0, and pH 7.0 stored in dark 
environment (left) and after UV irradiation (right) measured at different time intervals.24  
 
For example, normalized UV absorbance at 350 nm of PG (pH 5.0), TA (pH 7.0), GA (pH 
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respectively (Figure 2.3B). However, UV absorbance of these samples stored in the dark for 
120 min remained the same (Figure 2.3).  
An increase in the kinetics of phenolics oxidation was observed by increasing the pH form 
5.0 to 10.0 (Figure S8.1-6). Although increasing the pH of solutions speeds up the oxidation 
and associated increase of absorbance of the phenolic solutions even in the dark, UV irradiation 
accelerates this process even more (Figure 2.3 and Figure S8.7 for other، phenolics). Darkening 
of the solution and increase of UV absorbance at 350 nm in oxidative condition usually 
associated with higher molecular weight species and polymerization of phenolics. 
 
Figure 2.5 UV-Vis spectra of PG solution (0.2 mg/mL) at pH 8.0, pH 9.0, and pH 10.0 stored 
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2.2.1 UV-triggered polymerization of plant polyphenols  
In order to prove that UV irradiation triggers polymerization of phenolic compounds, ESI-
MS analysis of PG solutions (pH 5.0) either subjected to UV or kept in the dark for 2 h was 
performed (Figure 2.6). Increase in UV-Vis absorbance at 350 nm of plant phenolics under basic 
conditions was attributed to quinone formation.26 However, formation of higher molecular 
weight species through oxidation of catechol and gallol moieties in plant phenolics was also 
reported.62 Our ESI-MS analysis clearly shows the presence of higher molecular-weight species 
following UV irradiation of PG solution, while no oligomers or polymers were detected in the 
case of non-irradiated samples (Figure 2.6A). The repeating unit of the observed oligomer is 
105.96 m/z, which corresponds to the monomeric unit and oligomer structures depicted in 
Figure 2.6B. The same repeating unit was previously proposed for the oligomerization of PG 
under alkaline conditions. 
 
Figure 2.6 (A) ESI-MS spectra (positive mode, data acquired for 30 s) of PG solution in 
acetate buffer at pH 5.0 in dark and after UV irradiation for 2 h. ESI-MS spectra of UV-
irradiated PG polymerization solution clearly shows the presence of higher molecular weight 
species. (B) Schematic representation of UV-induced polymerization of PG.24 
 
Having shown that UV irradiation can accelerate polymerization of the phenolic compounds, 
additional experiments were performed in order to investigate the mechanistic aspects of the 
UV-induced transformation. It is known that reactive oxygen species (ROS), including singlet 
oxygen (1O2), superoxide radicals (O
































generated under UV irradiation even in the presence of traces of O2. Previously our group 
reported the importance of ROS in the case of UV-induced dopamine polymerization.8  
 
Figure 2.7 (A) UV absorbance at 350 nm of PG solution in phosphate buffer at pH 7.0 (blue), 
with addition of 5 %vol. DMSO (green), and after deoxygenation with N2 (red) for solutions 
kept in dark (left) and under UV irradiation (right). (B) UV absorbance of PG solution at 350 
nm in deionized water (blue) and deuterium oxide (red) media stored in dark (left) and under 
UV irradiation (right).24 
 
In order to investigate the role of oxygen and ROS in the UV-induced polymerization of 
plant phenolic compounds several experiments were performed (Figure 2.7A,B and Figure S8. 
8-11). First, PG solution at pH 7.0 was deoxygenated by passing nitrogen for 30 min, followed 
by UV irradiation. As shown in Figure 2.7A, the UV-absorbance of the deoxygenated solution 
at 350 nm did not increase even after 2 h of continuous UV irradiation, contrary to the same 
sample in the presence of oxygen (Figure 2.7A). Interestingly, the same inhibition of the 
polymerization was observed when the PG solution at pH 7.0 stored in the dark was 
deoxygenated (Figure 2.7A). In another experiment 5 %vol. of DMSO was added to the reaction 
solution. DMSO is known to be a hydroxyl radical scavenger.63 UV irradiation of the DMSO-
containing PG solution did result in a smaller increase of the absorption at 350 nm in comparison 
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to the control without DMSO (Figure 2.7A). The same slight inhibition of polymerization in the 
presence of DMSO was observed in the case of solutions stored in the dark (Figure 2.7A). On 
the other hand, deuterium oxide is known to be a singlet oxygen half-life prolonger.64 Changing 
the medium from deionized water to deuterium oxide increased the UV absorption of PG 
solution stored in dark and UV-irradiated PG solution (Figure 2.7B). These observations suggest 
that UV-triggered polymerization of plant phenolics requires ROS and oxygen. Increasing ROS 
concentration can increase the rate of the UV-induced polymerization of phenolics, while 
quenching ROS and deoxygenation of the solution lead to the inhibition of polymerization. 
  
2.2.2 Electrochemical oxidation of plant phenolic compounds 
Antioxidant properties and electrochemical behavior of plant phenolics depend on their 
chemical structure and experimental conditions. The effect of UV irradiation on electrochemical 
oxidation of plant phenolic compounds using cyclic voltammetry was investigated (Figure 2.8-
10 and Figures S8.12-17). PG as well as GA display two anodic peaks corresponding to the 
oxidation to the semi-quinone and the subsequent oxidation to the quinone form.  
 
Figure 2.8 Monitoring of PG by cyclic voltammetry (CV). Cyclic voltammograms of PG in 
acetate buffer at pH 5.0 (A) stored for 2 h in dark (left) and under UV irradiation (right) vs time. 
Peak currents over time for PG in acetate buffer pH 5.0 (B) stored in dark or under UV 
irradiation for 2 h. All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at 
glassy carbon electrodes with 1.58 mM concentration of PG.24 
 
Monitoring of PG in acetate buffer at pH 5.0 incubated for 2 h in dark environment indicates 
a slight change in peak current values (Figure 2.8A). However, continuous UV irradiation for 2 
 

















Pyrogallol, pH 5, dark Pyrogallol, pH 5, UV
Dark
UV
Pyrogallol, pH 5(A) (B)











E/V vs Ag/AgCl in 3M KCl
















h enhanced the oxidation rate of PG and decreased the peak current values by 20 % (Figure 
2.8B). Significant decrease in peak current is due to consumption of PG after UV irradiation.  
UV irradiation also increased the rate of oxidation of PG in basic pH as indicated by more 
reduction of peak currents after UV irradiation compared to solutions stored in dark (Figure S8. 
14,15).  
The CV confirmed also irreversible oxidation of TA (Figures S8.14,15). However, in 
contrast to PG and GA, the anodic peak currents for TA remain mostly constant over time 
independently of illumination and pH value. TA is composed of 10 quinone moieties, which 
may predominantly undergo intramolecular reactions. In this case, the total concentration and 
molecular weights (or diffusion coefficient) of TA and its reaction products would not change 
significantly, thereby explaining the mostly unchanged oxidation peak current.  
Nevertheless, although CV is not sensitive enough to quantitatively monitor the minor 
fluctuation in peak currents, intermolecular reaction leading to polymeric compounds in analogy 
to the behavior of GA and PG are also expected to take place.  
Caffeic acid in contrast to the other three phenolic compounds, displays a reductive peak in 
addition to the oxidation peak in the CV at low pH values (Figures S8.16,17). The 
electrochemical response is attributed to a one electron oxidation to the semiquinone form 
followed by a second oxidation to the quinone. Both oxidized forms undergo follow up 






Figure 2.9 Monitoring of PG by cyclic voltammetry (CV). Cyclic voltammograms of PG in 
buffers at pH 6.0, 7.0, and 8.0 vs time stored for 2 h in dark (left) or under UV irradiation (right). 
All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at glassy carbon electrodes 
with 1.58 mM concentration of plant phenolics.24 
 
In more basic media (pH>8), an increasingly irreversible behavior, suggests that the 
oxidation of CA follows a polymerization process. This is confirmed by the decrease in peak 
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current over time indicating the consumption of the monomeric compounds. The π conjugated 
systems in CA also induces a different behavior under illumination. While PG, GA and TA 
undergo light accelerated oxidative polymerization, caffeic acid first undergoes a light induced 
trans-cis isomerization followed by intramolecular cyclization.  
The CVs confirm this behavior with the appearance of a new oxidation wave upon 
illumination in acidic media. The decrease of the reduction waves reveals the consumption of 
the caffeic acid (both cis and trans form) over prolonged illumination times. Observations from 
cyclic voltammetry for all phenolic compounds were in agreement with UV-vis spectroscopic 
data. 
 
Figure 2.10 Monitoring of PG by cyclic voltammetry (CV). Cyclic voltammograms of PG in 
buffers at pH 9.0 and 10.0 vs time stored for 2 h in dark (left) or under UV irradiation (right). 
All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at glassy carbon electrodes 
with 1.58 mM concentration of plant phenolics.24 
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2.2.3 Nanocoatings from plant polyphenols 
Plant-derived phenolic compounds are able to form functional nanocoatings on various 
substrates. Messersmith et al.5 showed that even phenolic crude extracts from red wine, cacao 
bean, and green tea could form coatings on different materials. Jeon et al.26 reported the use of 
laccase enzyme to catalyze polymerization of dopamine, catechin/catechol, ferulic 
acid/catechol, catechin/syringic acid, and tannic acid/catechol to form functional coatings.  
Ejima et al.27 introduced the use of multivalent coordination of TA and FeIII for surface 
coatings of particulate and planar substrates. All mentioned examples utilized the ability of plant 
phenolic compounds to spontaneously polymerize either under basic conditions, in the presence 
of metal ions or enzymes.  
In order to investigate the ability to create functional phenolic nanocoatings using UV light 
as a trigger, polar and non-polar polymeric substrates (PTFE, PE, PMMA) were immersed into 
a PG solution (10 mM, pH 5.0) and irradiated with UV light for 2 h. Formation of a PG layer 
onto the surface was visualized by immersing the substrate in AgNO3 aqueous solution (Figure 
2.11).  
Substrates modified by PG under UV irradiation turned darker due to the reductive effect of 
the polyphenol nanocoating and the formation of metallic silver nanoparticles from silver nitrate 
(Figure 2.11A). The color of unmodified substrates and substrates dipped in PG solution stored 






Figure 2.11 Deposition of a plant-derived phenolic coating on PE, PMMA, and PFTE 
substrates. (A) Photographs of unmodified, PG modified, and AgNO3-treated substrates. (B) 
Decrease of the static WCA over time for PE substrate after immersion in 10 mM PG solution 
(acetate buffer at pH 5.0, phosphate buffer at pH 7.0) stored in dark environment and UV-
irradiated substrates for 2 h (top, Figure S8.18C. with error bare). Static WCA reaches to a 
substrates independent value after immersion of PTFE, PE, and PMMA substrates in 10 mM 
PG solution (bottom, phosphate buffer at pH 7.0) for 48 h.24 
 
The acceleration of deposition of plant phenolics under UV irradiation is also confirmed by 
water contact angle measurements (WCA) (Figure 2.11B). Thus, the static WCA of PE substrate 
immersed in PG solution dropped from 96.2° to 68.1° after 2 h of UV irradiation at pH 5.0, 
while the static WCA on the same substrate kept in dark did not change after 2 h and decreased 
only to 92.3° after 48 h. It is known that basic pH accelerates polymerization and deposition of 
PG. However, even at pH 7.0 static WCA of PE decreased only to 82.4° after 2 h and 24 h of 
incubation was required to reach the lowest static WCA 63.1° achievable at pH 7.0. Similar 
static WCAs were measured on PTFE and PMMA substrates after 48 h of incubation the 
surfaces with PG solution at pH 7.0 in the dark (Figure 2.11B), confirming homogeneous 
deposition of a PG layer independent of the substrate. UV irradiation of the PE surface for 2 h 
at pH 5.0 without addition of PG did not result in a decrease of the static WCA (Figure S8. 



















































Figure 2.12 (A) AFM image of bare silicon (top), silicone immersed in PG solution in dark 
(acetate buffer at pH 5.0) (middle) and PG modified silicon wafer (bottom) gently scratched by 
tweezers. Corresponding diagram of line scan of each sample through the red line is shown 
below the image. (B) C 1s XP spectra of polyethylene before and after modification with a 
coating based on PG (acetate buffer at pH 5.0, 2 h UV irradiation) and TA (phosphate buffer at 
pH 7.0, 2 h UV irradiation). All spectra are normalized to the highest intensity.24 
 
Messersmith et al.6 reported thickness of 19 nm and 71.6 nm for a PG based layer on TiO2 
and polycarbonate surfaces, respectively. This measurement was performed after 24 h of 
incubation in the solution at pH 7.  Jeon et al.26 reported thickness of dual-monomer systems of 
plant phenolics on PET substrates ranging between 90 and 200 nm after 15 h of dipping in 
polymerization media. Ejima et al.27 reported a thickness of FeIII-TA films on  polystyrene 
templates and gold substrates around 2 and 10 nm respectively within one deposition cycle. It 
was demonstrated that no polymer deposition happens after 2 h incubation of a silicon wafer in 
PG solution in acetate buffer at pH 5.0, while a 10±2 nm thick polymer layer as measured by 
AFM is formed after 2 h UV irradiation (Figure 2.12A). The root mean square deviation of the 
roughness profile of the silicon wafer incubated for 2 h in the dark (acetate buffer, pH 5.0) 
changed from 0.128±0.020 nm to 1.195±0.288 nm for the silicon substrate immersed in PG 
































































































































































































In order to investigate the surface chemistry of plant-derived phenolics coated substrates 
XPS measurements of coated PE substrates immersed in PG and TA solutions (acetate buffer 
at pH 5.0 and phosphate buffer at pH 7.0 respectively) after 2 h of UV irradiation were 
conducted. PE substrate immersed in the same buffer after 2 h of UV irradiation was used as 
the reference substrate. As expected the C 1s XP spectrum from PE shows one main peak at 
285.0 eV attributed to C-C, C-H groups (Figure 2.12B). A further peak at 286.6 eV in the C 1s 
XP spectra of substrates coated with PG and TA appears, corresponding to the presence of C-
O groups and proving clearly the deposition of a thin layer of phenolics on the surface. 
Furthermore, the carboxyl group present in TA can be clearly detected too at 289.0 eV. In 
addition, the higher intensity ratio C-O/(C-C, C-H) for the TA coating (0.7) as for PG deposition 
(less than 0.2) leads to conclude that the TA film is thicker than that of the PG film.  
 
2.2.4 Spatiotemporal control of the polymerization and deposition 
The ability to use UV light to induce polymerization of various plant-derived phenolic 
compounds opens the possibility for both spatial and temporal control of the deposition of 
phenolic nanocoatings on different surfaces. In order to demonstrate this, I irradiated a PTFE 
substrate covered either with a 125 µm layer of 10 mM PG solution (acetate buffer, pH 5.0) or 
TA solution (phosphate buffer, pH 7.0) with UV light for 1 h through a quartz photomask 
(Figure 2.13A). A clear pattern of silver particles or fluorescence was formed on the surface 
after immersing the substrates either in a silver nitrate aqueous solution or rhodamine-thiol 






Figure 2.13 (A) Schematic representation of UV patterning of a polypyrogallol layer using a 
photomask, deposition of silver particles on the pattern and treatment of polypyrogallol pattern 
with Rhodamine-thiol solution. (B) Gradient phenolic pattern formed on the poly(HEMA-
EDMA) surface after UV irradiation of PG solution (0.01 mg/mL, pH 7.0) through a photomask 
between 0 to 7.5 min, followed by incubation in a silver nitrate aqueous solution for 48 h. Half 
of the photomask was not covered (irradiated for 7.5 min) to form a control pattern. (right) 
Corresponding gray values of the image along the red and black lines.24 
 
The formation of a pattern based on PG on PTFE followed by modification with silver 
particles was confirmed by ToF-SIMS (Figure 2.14B). To demonstrate the unique advantages 
of UV-assisted polymerization and deposition of plant phenolic compounds, a gradient pattern 
of PG was formed on the poly(2-hydroxyethyl methacrylate)-co-(ethylene dimethacrylate) 



































Figure 2.14 (A) Bright-field microscopy image of a silver particle pattern produced on 
surface of phenolic pattern based on PG (UV, acetate buffer at pH 5.0) or TA (UV, phosphate 
buffer at pH 7.0) after immersing the substrate in silver nitrate solution for 48 h. Red 
fluorescence pattern formed by treatment of the phenolic patterns with a rhodamine-thiol 
solution. (B) ToF-SIMS ion intensity map of a phenolic square pattern (PG, UV, acetate buffer 
at pH 5.0) on PTFE substrate produced by photopatterning (top), and silver ion intensity map 
of modified pattern with silver nitrate aqueous solution for 48 h (bottom).24 
 
In order to create a gradient pattern, PG solution (0.01 mg/mL, pH 7.0) was added to the 
surface, covered by a photomask and by a UV opaque cover. By moving the cover gradually, 
different regions of the surface were exposed to UV irradiation from 0.0 to 7.5 min generating 
a gradient of density of the polyphenol coating (Figure 2.13B, Figure 2.15A). To further prove 
the versatility of this technique, this approach was used to make a pattern of a polyphenol 
coating inside a microfluidic channel. PG solution (0.01 mg/mL, pH 7.0) was injected into a 
capillary filled with porous poly(HEMA-EDMA) with a syringe and UV irradiated for 10 min 
through a photomask (Figure S8.19). Patterned polyphenol coating inside the capillary was 
further functionalized with silver particles or Rhodamine dye (Figure 2.15B). The observed 
patterns confirm that multifunctional polyphenolic coating, patterns and gradients can be 
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Figure 2.15 (A) Polyphenolic gradient pattern formed by UV irradiation of a poly(HEMA-
EDMA) surface in the presence of a PG solution (0.01 mg/mL, pH 7.0). The phenolic pattern 
was incubated for 48 h in a silver nitrate aqueous solution to obtain a pattern of silver particles. 
Corresponding gray value vs. UV exposure time alone the blue line is shown in the graph (right). 
(B) Phenolic pattern inside a microfluidic capillary (inner diameter 100 µm). Fused silica 
capillary filled with a porous polymethacrylate was filled with a pyrogallol solution (0.01 
mg/mL, pH 7.0) and irradiated with UV light for 10 min through a photomask. A pattern of 
silver particles (top) and rhodamine dye (bottom) formed inside the capillary by corresponding 
post-modification of the polyphenol pattern.24 
 
2.2.5 Coatings from polyphenols present in wine, coffee, and tea 
Natural plant phenolic compounds have gained lots of attention due to their antioxidant, 
antimicrobial, anti-cancer, and anti-inflammatory properties. Plant-derived phenolic 
compounds are found in various types of beverages and food. Thus, several groups investigated 
the possibility to create nanocoatings using cocktails of phenolics directly extracted from 
different beverages.5 The advantage of using such mixtures is their availability and low costs. 
Here it was shown that UV light can also accelerate the polymerization and deposition of 
phenolic cocktails present in tea, coffee or wine. Figure 2.16 shows the photographs of glass 
substrate covered with tea, coffee or red wine, after 1 h in the dark and under UV irradiation. 
The visualization of the coating was performed using a silver nitrate solution. Corresponding 
1000 µm
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UV-Vis transmittance spectra are depicted in Figure 2.16B. The decrease of transmittance of 
the coatings after UV irradiation indicates the acceleration of the polymerization and deposition 
of the phenolics found in these beverages.  
Formation of dark layer of silver particles on the glass surface modified with phenolic 
compounds existing in tea, coffee, and wine after immersion in silver nitrate aqueous solution 
increased darkness of the glass slides. However, transmittance of glass slides after immersion 
in tea, coffee, and wine following by immersion in silver nitrate aqueous solution did not 
change. 
 
Figure 2.16 Phenolic coatings deposit on surface of glass slides after exposure to wine, tea 
infusion, and coffee infusion. (A) Photographs of bare glass slides, after 1 h exposure in dark 
environment, after immersion in silver nitrate aqueous solution for 48 h, and glass slides after 
1 h UV irradiation, and 48 h immersion in silver nitrates aqueous solution respectively form left 
to right. (B) UV-Vis transmittance percentage of glass slides after modification with wine, tea, 
and coffee in dark and under UV irradiation for 1 h, and after immersion in silver nitrate aqueous 
solution.24 
 
2.3 Conclusions to chapter 2 
In conclusion in this chapter, it was demonstrated that UV irradiation significantly 




















































































The kinetics of oxidative polymerization of plant phenolics depends on the presence of oxygen, 
ROS and pH of the solution. The pH effect varies for different phenolic compounds. It was 
shown that increasing ROS concentration in the presence of oxygen or changing the aqueous 
medium to deuterium oxide solution accelerate the oligomerization of phenolic compounds 
under UV light, while deoxygenation or addition of ROS scavengers can retard polymerization 
reaction. This process is general and can be applied to various plant-derived phenolics as 
demonstrated on pyrogallol, tannic, gallic and caffeic acids as well as natural phenolic 
compounds present in tea, coffee, and wine. The UV-assisted polymerization and deposition of 
polyphenols opens the possibility to create patterns and gradients of multifunctional 
polyphenolic coatings on curved surfaces and inside microfluidic channels in a substrate-
independent way. Taking into account the huge diversity, availability and low cost of plant-
derived phenolic compounds, this method opens unique opportunities for the spatial and 
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Plant-derived polyphenols were recently introduced for particle and surface 
modification.65,66 Numerous applications in materials science have been already demonstrated 
including self-healing materials,67 surface modification of membranes,68 designing novel 
antioxidants,69,70 anticancer drugs,71 and bioadhesives,72 as well as development of drug 
delivery systems,73 antibacterial coatings and surfaces with reduced biofouling,5 energy storage 
devices,74 thin film75 and bulk76 hybrid functional materials, and immobilization of enzymes.77 
Phenolic compounds, similar to polycatecholamines such as dopamine (DA), can undergo 
autoxidation process in the presence of oxidizing agents,73 high-redox-potential enzymes which 
are suitable for use in oxidative processes,78 or in alkaline pH condition.6 However, because of 
the rapid response of phenolic compounds to oxidation, there is a limited control over the 
kinetics of the oxidation process and spatiotemporal control over the deposition of polyphenols, 
which leads to the formation of weak and inhomogeneous coatings.36 Formation and deposition 
of colloidal particles and aggregates have been observed in coatings made of catechol- and 
pyrogallol-containing compounds.36,79 Such colloidal structures on the surface, which cannot be 
easily avoided in the solution, have been considered as a source of instability and weakness of 
the anchoring layer and adlayer.36 Several research groups tried to make more homogeneous 
nanocoatings from polyphenols and DA by using new cyclic catechols,36 norepinephrine (a 
small molecule catecholamine),80 controlling the self-polymerization process of DA by using 
the CuSO4/H2O2 system,
16 and sonication of PDA-coated substrate.81 
Uncontrolled autoxidation and subsequent cross-linking, polymerization, and complexation 
of catechol and pyrogallol moieties of plant phenolic compounds are dependent on multiple 
factors, such as pH, buffer strength, concentration, and type of oxidant or enzymes.82 Many 
research groups tried to overcome uncontrolled autoxidation of pyrogallol- and catechol-
containing compounds. Qiu et al.52 showed that enzyme-induced deposition of tea catechin and 
chitosan depends on laccase enzyme concentration. Lee et al.83 used sodium periodate, 
horseradish peroxidase, and mushroom tyrosinase as oxidizing reagents to prepare 3,4-
dihydroxyphenylalanine-modified (DOPA-modified) polyethylene glycol (PEG). They 





dependent on type and concentration of oxidizing agents. Ejima et al.27 showed that multivalent 
complexation of polyphenols and FeIII ions and film formation are directed by pH value of the 
solution. Barrett et al.6 investigated the effect of pH on polymerization and deposition of a 
variety of plant phenolic compounds to find the optimum pH condition for nanocoating 
deposition. Hong et al.80 used norepinephrine, a small-molecule catecholamine, in combination 
with dopamine to achieve a well-controlled coating morphology. Formation of 3,4-
dihydroxybenzaldehyde-norepinephrine intermediates is considered as the main mechanism of 
the controlled oxidation process, leading to formation of a highly smooth nanocoating. 
To form multifunctional coatings on the surface, our group24 and other groups29,30,84 used 
UV light to induce oxidation of catechol- and pyrogallol-contacting compounds which enabled 
the control of the kinetics of the polymerization and deposition of these compounds 
spatiotemporally. Several research groups5,6,30,65 including ours24 showed that spontaneous 
oxidation of plant phenolic compounds can be inhibited by using acidic pH conditions. 
However, this method may not be applicable to all phenolic compounds because of low 
solubility of some phenolic compounds at low pH.6 
Oxidation intermediates of phenolic compounds such as quinones are more stable at mild 
acidic condition (pH 5.7-6.7), decreasing the rate of cross-linking, polymerization, and metal 
ion complexation.24 Cross-linking of catechol- or pyrogallol-containing molecules by 
nucleophiles25 or their binding to tissues and proteins82 can be inhibited under acidic conditions. 
Therefore, there is a clear need to develop a new strategy to control polymerization and cross-
linking of plant phenolic compounds under basic pH. It is generally accepted that reactive 
oxygen species (ROS) can oxidize catechol and gallol moieties in plant-derived phenolics to 
generate reactive species such as phenolate ion, phenolic radicals, semiquinone, and quinone.  
Active quinone groups undergo phenolic coupling or react with nucleophiles such as thiols and 
amines.85 
Our group investigated24,28 the role of reactive oxygen species [ROS, singlet oxygen (1O2), 
superoxide radical (O2-•) and hydroxyl radical (•OH)] in UV-induced oxidation and 
polymerization of dopamine and plant phenolic compounds using spectroscopic and 





uric acid (UA), and glutathione (GSH), can directly react with ROS or free-radical intermediates 
induced by ROS (Scheme S9.1) and terminate the ROS-induced damage.86 
Recently, inspired by the ROS scavenging ability of sodium ascorbate (vitamin C) in the 
human body, it was demonstrated that dopamine polymerization in basic solution can be 
inhibited by sodium ascorbate that reduces reactive dopamine quinone and delays dopamine 
polymerization.28 Several research groups discussed the mechanism of action of the natural 
antioxidant compounds including SA,87 UA,88 and GSH.89 SA changes to the ascorbate radical 
by donating an electron to lipid radicals to terminate the lipid peroxidation chain reaction.90 The 
pairs of ascorbate radicals react rapidly to produce one molecule of ascorbate and one molecule 
of dehydroascorbate.90 Uric acid and glutathione are physiological natural antioxidants. Uric 
acid is the most abundant aqueous antioxidant found in humans.91 It contributes to as much as 
two-thirds of all free-radical scavenging activities in the plasma.91 The oxygen radical 
scavenging activity of glutathione directly expedites the ROS neutralization and the repair of 
ROS-induced damage. The presence of the sulfhydryl group in glutathione allows it to serve as 
an antioxidant.90 
In this chapter, inspired by the intrinsic function of natural antioxidants to scavenge ROS in 
plants, animals, and human cells, a method to control the polymerization and surface 
functionalization by plant-derived phenolic compounds in alkaline conditions (pH 8.0) is 
presented. The method combines the effect of polymerization inhibition by antioxidants with 
the ability of UV light to trigger the polymerization of phenolic compounds, enabling 
spatiotemporal control of the polymerization and deposition of various plant-derived phenolic 
compounds. It should be noted that phenolic compounds are antioxidants by themselves, which 
require a stronger reducing agent to inhibit their oxidation at basic pH. 
Interestingly, this method leads to more homogeneous polyphenolic films deposited on the 
surface. UV-induced oxidation and polymerization of pyrogallol (PG), gallic acid (GA), 
pyrocatechol (Ctl), epigallocatechin gallate (EGCG), tannic acid (TA), catechin (Ctn), 
hydroxyhydroquinone (HHQ), caffeic acid (CA), and morin, some of the most common plant-
derived phenolic compounds (Figure 3.1), in the presence of sodium ascorbate (SA), glutathione 






Figure 3.1 Chemical structures of plant-derived natural phenolic compounds commonly used 
for preparing functional polyphenolic coatings (A) and structures of physiologically important 
antioxidants (B).  
 
3.2 Results and discussion 
To investigate our hypothesis that natural antioxidants can inhibit polymerization and 
deposition of natural phenolic compounds under basic conditions first UV-vis spectroscopic 
and differential pulse voltammetric analysis of plant phenolic solutions at pH 8.0 in the presence 
or absence of antioxidants both in dark and under UV irradiation was performed. UV-vis spectra 
of PG solution (0.2 mg/mL) with different SA/PG molar ratios from 0:1 up to 1.2:1 were 
measured in the dark and under UV irradiation (Figure 3.2,3). UV absorbance at 320 nm (at 380 
nm for TA) was selected as an indication of quinone formation in the solution to monitor 




















Figure 3.2 UV-vis spectra of PG solution (0.2 mg/mL) at phosphate buffer 5 mmol/L at pH 
8.0, stored in dark environment (left) and after UV irradiation (right) containing SA measured 
at different time intervals.23 
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The results demonstrate that oxidation of PG begins immediately at pH 8.0 either in the dark 
or under UV irradiation. By increasing the amount of SA present in the solution, however, the 
rate of oxidation of PG decreases for both samples (Figure 3.3).  
 
Figure 3.3 Effect of natural antioxidants on PG polymerization with and without UV 
irradiation. The graphs show UV absorbance of PG solutions (0.2 mg/mL, phosphate buffer 5 
mmol/L, pH 8.0) at 320 nm. PG polymerization solution in the dark (left) and under UV 
irradiation (right) in the presence of SA (with different molar ratios of antioxidants to PG).23 
 
At the molar ratio as high as 1.2:1 (SA/PG), the oxidation of PG in the dark environment is 
completely ceased for at least 72 h (Figure 3.4A), while UV irradiation of the sample at 260 nm 
(6 mW/cm2) triggered the oxidation and polymerization process, resulting in a 15-fold increase 
of UV absorbance at 320 nm (from 0.11 to 1.73) already after 2 h (Figure 3.4B). The color of 
the PG solution stored in dark did not change in the presence of SA/PG 1.2:1 molar ratio. 
However, color of the same PG solution irradiated with UV light for 2 h and color of the PG 
solution without SA changed over time (Figure 3.4C). 
 
0.00 mol SA : 1 mol PG
0.15 mol SA : 1 mol PG
0.40 mol SA : 1 mol PG
1.20 mol SA : 1 mol PG





















































Figure 3.4 (A) Effect of natural antioxidants on PG oxidation in dark and under UV 
irradiation. The graphs show UV absorbance of PG solutions (0.2 mg/mL of PG in phosphate 
buffer, 5 mmol/L, pH 8.0) at 320 nm. (A) UV absorbance of PG solution over 72 h stored in the 
dark or after 2 h of UV irradiation. (B) UV absorbance at 320 nm of PG solution with SA 
(SA/PG 1.2:1 molar ratio) and without SA in dark and under UV irradiation. (C) Corresponding 
photographs of each sample.23 
Electrospray ionization time-of-flight mass spectrometry (ESI-TOF) of the pyrogallol 
solution (pH 8.0, 5 mmol/L, SA/PG molar ratio of 1.2:1) indicated the generation of 
highermolecular-weight species after UV irradiation of the solution for 2 h (Figure 3.5A).  
 
Figure 3.5 (A) ESI-MS spectra (positive mode) of the PG solution (0.2 mg/mL of PG in 
phosphate buffer, 5 mmol/L, pH 8.0; 1.2:1, SA/PG molar ratio) after UV irradiation for 2 h 
indicates generation of higher-molecular-weight species with a repeating unit of 105.96 Da. (B) 
Differential pulse voltammetry (DPV) of Ctl solution (0.2 mg/mL of Ctl in phosphate buffer, 5 
mmol/L, pH 8.0; 0.6:1, SA/Ctl molar ratio) with KCl (0.1 mol/L) at activated glassy carbon disk 
electrodes stored in dark (left) or under UV irradiation (middle) for 2 h. Peak currents for SA 






























































































































































A repeating unit with the mass of 105.96 Da was observed in the mass spectra which 
corresponds to a structure shown in Figure 3.5B. 
 
3.2.1 Antioxidant-controlled oxidation of plant phenolic compounds 
To show that antioxidant-controlled oxidation of plant phenolic compounds is a general 
concept, glutathione (GSH) and uric acid (UA) were used to study the kinetics of PG oxidation 
at pH 8.0 both in dark and under UV irradiation by UV-vis spectroscopy (Figures S9.2-5). 
Presence of glutathione at GSH/PG 0.8:1 molar ratio could inhibit the oxidation of PG for 2 h 
(Figure S9.2). However, 2 h of UV irradiation of the same sample caused a 13-fold increase in 
UV absorbance at 320 nm (from 0.09 to 1.22) (Figure S9.3). A similar effect was observed by 
using uric acid (UA) as a reducing agent (Figure S9.4). At UA/PG 1.40:1 molar ratio, oxidation 
of PG was significantly slowed down in dark, while UV irradiation triggered the oxidation of 
PG, and the UV absorbance of the PG solution increased 6-fold (from 0.55 to 3.45) after UV 
irradiation (Figure S9.5). 
To show that natural antioxidants can be used to effectively control the rate of oxidation of 
other natural plant-derived phenolic compounds, a library of plant phenolic compounds 
including gallic acid (GA), pyrocatechol (Ctl), epigallocatechin gallate (EGCG), tannic acid 
(TA), catechin (Ctn), hydroxyhydroquinone (HHQ), caffeic acid (CA), and morin was 
investigated. Basic solutions of the phenolic compounds (pH 8.0, 5 mmol/L phosphate buffer) 
containing different concentrations of SA were analyzed by UV-vis spectroscopy after UV 
irradiation for 2 h or storage in the dark. Addition of SA to the solutions at pH 8.0 decreased 
the rate of oxidation both in dark and under UV irradiation (Figures S9.6-13). At SA/phenol 
molar ratios listed in Table 3.1, oxidation of phenolic compounds is completely stopped for at 
least 2 h in the dark. However, UV irradiation at these molar ratios could still trigger the 
oxidation followed by an increase in UV absorbance (Figures S9.6-13). The pH value of the 
solutions after addition of antioxidants did not change confirming that the inhibition ability of 






Table 3.1 SA:phenol molar ratios at which oxidation of phenolic compounds is completely 
stopped for at least 2h. 
 
 
3.2.1 Effect of sodium ascorbate and UV light on oxidation of polyphenols 
To confirm the inhibition effect of SA and the UV acceleration effect on the polymerization 
of plant phenolic compounds at pH 8.0, electroanalytical methods were used to monitor the 
change in the SA oxidation peak response as a measure of the SA concentration. We used 
differential pulse voltammetry (DPV) with specifically activated glassy carbon electrodes to 
discriminate the respective signals of SA, Ctl, and CA in the SA-phenol mixtures. The SA 
oxidation in the SA-phenol mixtures appears as a small prepeak or shoulder (at 0 V versus 
Ag/AgCl) of the larger Ctl or CA oxidation peak at 0.2 and 0.25 V versus Ag/AgCl, respectively 
(Figure 3.5B, Figure 3.6, and Figure S9.14). Monitoring of SA by means of DPV demonstrates 
that the oxidation rates of SA increased after UV irradiation of the solution for 2 h (Figure 3.5B). 
This phenomenon can be attributed to the formation of ROS from dissolved oxygen under UV 
irradiation, such as singlet oxygen (1O2), superoxide radicals (O
2-
•), or hydroxyl radicals (•OH). 
Under UV irradiation, the DPV results of CA display a new peak around 0.35 V versus 
Ag/AgCl assigned to intermediates of the polymerization processes. In absence of SA, the peak 
for CA almost fully disappears within only 30 min of irradiation. In the presence of SA, while 
polymerization intermediates are still detected, the CA peak only decreases moderately within 
2 h (Figure S9.14). Overall, the consumption of SA in the SA-phenol mixture and the fast 
consumption of phenols in the SA-free solutions confirm that the SA functions as a reductant 




















Table S1. SA:phenol molar ratios at which oxidation of 





Thus, phenolic compounds being natural antioxidants by themselves can be kept in their reduced 
form in the presence of stronger reducing agents such as SA. 
 
Figure 3.6 Differential pulse voltammetry (DPV) in phosphate buffer (5 mmol/L, pH 8.0) 
with KCl (0.1 mol/L) at activated glassy carbon disk electrodes for (A) Ctl solution (1.58 
mmol/L of Ctl in phosphate buffer, 5 mmol/L, pH 8.0) stored in dark (left) or under UV 
irradiation (right) for 2h and (B) SA-Ctl solution (1.58 mmol/L of Ctl in phosphate buffer, 5 
mmol/L, pH 8.0; 0.6:1, SA:Ctl molar ratio) stored in dark (left) or under UV irradiation (right) 
for 2h.23 
 
3.2.2 On-demand polymerization and deposition of polyphenols 
UV-vis spectroscopy and electrochemistry results demonstrate the ability of natural 
antioxidants to effectively inhibit the oxidation of plant phenolic compounds under basic 
conditions, while UV irradiation can be used for the temporal control of the oxidation and 
polymerization of polyphenolic compounds. To exemplify this possibility, a PG solution with 
the GSH additive (GSH/PG molar ratio of 0.8:1; pH 8.0) was used, which does not oxidize for 
120 min (Figure 3.7). 
(A)
Ctl-SA-UV







































































Figure 3.7 On-demand polymerization of PG. UV Absorbance of the PG solution (0.2 
mg/mL, phosphate buffer 5 mmol/L, pH 8.0) containing GSH with GSH:PG molar ratio of 0.8:1 
at 320 nm as a function of time.23 
 
However, irradiating the solution for 5 min at any moment triggered the oxidation of PG 
leading to an immediate increase in the UV absorbance at 320 nm from 0.08 to around 0.15 
(Figure 3.8A). In this case, the polymerization of PG does not continue after the UV pulse. 
However, if the UV irradiation continues, oxidation, polymerization, and deposition of PG 
steadily continue further as indicated by a gradual increase in UV absorbance at 320 nm (Figure 
8.7B). By repeating the UV irradiation for 5 min followed by storing in dark, it was possible to 
drive the oxidation process of PG to the desired stage at each particular time point for several 
times (Figure 3.8C), thereby making a stepwise control of the polymerization of PG possible in 







Figure 3.8 On-demand initiation and termination of PG polymerization in the presence of 
GSH (GSH/PG molar ratio of 0.8:1, phosphate buffer 5 mmol/L, pH 8.0). (A) By UV irradiation 
of a different GSH-PG solution at different time intervals, PG polymerization can be initiated, 
and by removing UV light, the polymerization reaction stops again. (B) As long as dormant 
GSH-PG solution is irradiated with UV light, polymerization initiates and proceeds. (C) 
Polymerization of PG proceeds stepwise by irradiating the GSH-PG solution for 5 min at 
different time intervals.23 
 
In a control experiment, the PG solution without GSH was irradiated with UV pulses for 5 
min at 0, 25, and 55 min, and the UV absorbance at 320 nm was measured. In the absence of 
antioxidant, continuous autoxidation of PG was observed even after the UV pulses (Figure 3.9). 
 
 
Figure 3.9 Timewise UV irradiation of PG solution (0.2 mg/mL, phosphate buffer 5 mmol/L, 
pH 8.0) in the absence of antioxidants. UV Absorbance of the PG solution at 320 nm as a 
function of time recorded after 5 min UV pulse at 0 min, 25 min, and 55 min (A), and after 
multiple 5 min UV pulse at 10 min, 25 min, and 55 min (B).23 
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The formation of polyphenolic layers and its homogeneity on a silicon wafer surface in the 
presence and absence of SA and with or without UV irradiation was investigated. AFM analysis 
demonstrated no coating on a surface treated with an SA/PG solution (0.2 mg/mL, 5 mmol/L 
phosphate buffer, pH 8.0; SA/PG molar ratio 0.4:1) without UV irradiation. The same procedure 
with 30 min of UV irradiation resulted in the formation of a 4 nm thin coating with 0.98 nm 
roughness (Rq) (Figure 3.10, Figure S9.15). The polyphenolic layer formed on a silicon wafer 
in a PG solution without SA and with no UV light was 4 nm thick with Rq roughness 2.33 nm 
(Figure 3.10, Figure S9.15). The same protocol but with 30 min of UV irradiation results in a 5 
nm coating being also highly inhomogeneous with Rq of 3.51 nm (Figure S9.15). Thus, addition 
of SA into the PG solution resulted in the deposition of a more homogeneous polyphenolic 
layer, deposition of which could be temporally controlled by UV irradiation. 
 
Figure 3.10 (A) AFM on silicon surfaces exposed to PG solution at pH 8.0 (5 mmol/L) with 
SA in dark (left), without SA in dark (middle), and with SA after 30 min of UV irradiation, 
gently scratched by tweezers. (B) Surface topographies measured along the dashed lines 
(graph).23 
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Roughness (Rq) of the phenolic nanocoating on the silicon surface was measured for samples 
without antioxidants stored in dark environment, and for UV-irradiated samples containing SA. 
A lower value of Rq was observed in Ctl, EGCG, TA, and HHQ samples containing SA 
compared to the samples without SA (Figure 3.9). However, Rq of Ctn and morin remained 
almost constant for the samples with and without SA (Figure 3.9). Different roughnesses 
obtained with or without SA could be due to the difference in the kinetics of oxidation and 
deposition of each phenolic compound in the presence or absence of SA.  
Precipitation or surface adsorption of insoluble higher molecular-weight oligomers and 
adsorption of colloidal polymer particles, formed from self-assembled polyphenol oligomers in 
solution, are the main mechanisms for the formation of coatings based on polyphenolic 
compounds.5 
Through a change in the oxidation condition from dark to UV-exposed environment, kinetics 
of the oxidation of phenolic compounds was accelerated as it was seen in UV-vis spectroscopy 
and electrochemistry analysis. However, the overall oxidation behavior of the phenolic 
compounds (such as peak shapes and peak positions in UV-vis and electrochemistry graphs) 
remained almost constant in dark and under UV.  
In our previous work,24 similar behavior was observed for different plant phenolic 
compounds at both acidic and basic solutions. Second, nanoparticle-like aggregates were 
observed on the surface after coating deposition from phenolic compounds both in dark and 
under UV (Figures 3.10 and Figure 3.11).  
Similar behavior of oxidation and deposition observed in UV-vis spectroscopy, 
electrochemistry, and AFM images suggests that similar radical intermediates formed during 







Figure 3.11 AFM images of phenolic layer made on silicon surfaces exposed to exposed to 
phenolic solutions at pH 8.0 without Antioxidant (top image) stored overnight in dark 
environment, and phenolic solutions containing SA irradiated with UV light for 30 min (bottom 
image). (A) Ctl, Rq(top, bottom)=(4.11 nm, 3.03 nm). (B) EGCG, Rq(top, bottom)=(20.1 nm, 
12.5 nm). (C) TA, Rq(top, bottom)=(25.2 nm, 11.4 nm). (D) Ctn, Rq(top, bottom)=(38.3 nm, 
36.5 nm). (E) HHQ, Rq(top, bottom)=(26.2 nm, 15.9 nm). (F) Morin, Rq(top, bottom)=(3.72 
nm, 2.83 nm).23 
 
UV-vis spectroscopy, mass spectrometry, electrochemical analysis, and AFM results 
indicate that UV irradiation could accelerate polymerization and deposition of plant phenolic 
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scavenging of ROS in the solution or via reducing of quinone moieties of phenols. On one hand, 
ROS can increase consumption of SA, and on the other hand, ROS accelerates oxidation rate of 
phenols as was reported before.24  
The principle of antioxidant-controlled oxidation of phenolic compounds in the presence of 
sodium ascorbate (SA) is depicted in Scheme 3.1. Light is uniquely suited for spatiotemporal 
control of reactions and surface functionalization. The ability to use UV light to trigger 
polymerization and deposition of structurally diverse natural phenolic compounds, under 
alkaline conditions where such polymerization and deposition is the fastest, opens endless 
opportunities for the formation of functional polyphenol patterning, copatterning of different 
phenolic compounds, and patterning of phenolics inside of closed systems nonaccessible to 
stamping methods. 
 
Scheme 3.1 Schematic Illustrating Antioxidant-Controlled Oxidation of Plant Phenolic 
Compounds.23 
 
3.2.3 Multiple patterns of polyphenols 
For evaluation of the ability to pattern phenolic compounds, the poly(2-hydroxyethyl 
methacrylate)-co-(ethylene dimethacrylate) (poly(HEMA-EDMA)) surface was coated with a 
solution of PG (0.2 mg/mL, phosphate buffer 5 mmol/L, pH 8.0, SA/PG molar ratio 0.4:1), 















was then washed with deionized (DI) water and ethanol followed by drying with N2. For 
visualization of the patterns, the surface was immersed in silver nitrate aqueous solution (10 
mmol/L) or Rhodamine 110 solution (0.1 g/mL) overnight (Figure 3.12). 
 
Figure 3.12 Photopatterning of different plant phenolic compounds in the presence of SA in 
phosphate buffer (5 mmol/L, pH 8.0). (A-F) Micropatterns of PG, TA, GA, Ctl, Ctn, and EGCG 
on poly(HEMA-EDMA) surfaces by UV irradiating of the phenolic precursor solution 
containing SA through a photomask for 10 min. The micropatterns were post modified by silver 
or Rhodamine. The images were obtained by bright field (top) and fluorescence (bottom) 
microscopy.23 
 
With this method patterns using various phenolic compounds with features down to 10 μm 
were created (Figure 3.12A-F). The possibility to create multiple patterns by a sequential 
wetting of the same surface with different phenolic compound solutions and their UV irradiation 
for 10 min using a photomask was evaluated (Figure 3.13). The autofluorescence characteristic 
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of plant phenolic compounds92,93 was used to image the patterns. The patterns were visualized 
by immersing them in silver nitrate aqueous solution overnight (Figure 3.13A,B, bright-field 
image). Overlaid patterns of different phenolic compounds are shown in Figure 3.13B. 
 
Figure 3.13 Sequential patterning of polyphenols in the presence of SA at pH 8.0 after UV 
irradiation through a photomask for 10 min. (A) Left part of the KIT logo was prepared using 
PG solution modified with Rhodamine 110; “K” and “T” letters, middle and right part of the 
logo, were made using Ctn and HHQ solutions, respectively. Filter sets 1, 2, and 3 were used to 
visualize the different coatings. Brightfield microscopy images of the “KIT” pattern modified 
with silver particles (bottom). (B) Overlaid pattern formed on the surface by first UV irradiating 
PG solution through a photomask with circular patterns, followed by washing and Rhodamine 
modification. The second pattern was formed on the surface by UV irradiating the Ctn solution 
through a photomask with square patterns. Fluorescence microscopy images were taken using 
filter sets 4 and 5. Bright-field microscopy images of the silver-modified pattern (bottom).23 
 
ToF-SIMS analysis of the patterns indicated deposition of polyphenolic patterns on the 


















phenolic compounds, indicating the lack of deposition of phenolics in the areas shielded from 
UV light.  
 
Figure 3.14 ToF-SIMS analysis confirms the deposition and distribution of the phenolic mass 
fragments on the surface.23 
 
Bright-field microscopy, fluorescence, and X-ray photoelectron spectroscopy (XPS) analysis 
(Figure 3.15) clearly indicate the ability to postmodify the polyphenolic micropatterns.  
Secondary modification of a phenolic pattern based on PG with silver particles was analyzed 
by XPS. Since the poly(HEMA-EDMA) surface contains a lot of C-O species, no clear 
difference in the C 1s spectrum can be observed after coating with different phenolic 
compounds.  
The introduction of silver in the coated regions allows the further detection of the doublet 
Ag 3d and its mapping on a defined area of a structured sample consisting of lines (polyphenolic 
coating) and squares (non-coated).  
The obtained spectra were analyzed with principal component analysis (Figure 3.15A) in 
order to improve the differentiation of the different regions. The spin-orbit doublet with Ag 3d5/2 

































Figure 3.15 XPS Characterization of silver deposition on the phenolic pattern. A phenolic 
pattern was deposited on the surface by irradiating PG solution (0.2 mg/mL, phosphate buffer 
5 mmol/L, pH 8.0) containing SA with SA:PG 0.3:1 molar ratio through a photomask. The 
pattern was secondary modified with silver particles by immersing in silver nitrate aqueous 
solution overnight and subsequent washing with water and drying with N2 (A) Principal 
Component Analysis of all Ag 3d spectra of the area was carried out. The yellow lines show the 
presence of Ag whereas the dark squares prove the absence of Ag. (B) Ag 3d XP spectra 
measured on the line (yellow curve on top) and in the square (red curve on bottom) clearly 
indicates deposition of silver on the phenolic pattern.23 
 
3.2.4 Patterning inside microfluidic channels and gradients 
Last but not least, the ability to create patterns of phenolic compounds (PG 0.2 mg/mL, 
phosphate buffer 5 mmol/L, pH 8.0, SA/PG molar ratio 0.4:1, 10 min of UV irradiation through 
a quartz photomask) inside of microfluidic channels (Figure 3.16A) and formation of gradients 






























Figure 3.16 Polyphenolic pattern from PG solution (pH 8.0) containing SA (SA/PG molar 
ratio of 0.4:1) made (A) inside the capillary by UV irradiation through a photomask for 10 min. 
(B) A gradient polyphenolic pattern was introduced on the flat surface and modified with silver 
nanoparticles.23 
 
The phenolic pattern inside the capillary and the gradient patterns were postmodified with 
silver particles or Rhodamine dye (Figure 3.16). An overlaid gradient polyphenolic pattern was 
formed on the surface and was modified by silver particles or Rhodamine (Figure 3.17). Such 
flexibility in the spatiotemporal control of the deposition of different phenolic compounds will 
be useful in a variety of applications in biotechnology, microfluidics, and surface 
functionalization. 
 
Figure 3.17 Overlaid gradient polyphenolic patterns made on the surface from PG (triangle) 
and Ctn (hexagonal) solutions. (A) Bright-field and (B) fluorescence microscopy images of the 
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3.3 Conclusions to chapter 3 
In this chapter, a new strategy to efficiently control the polymerization and deposition of 
natural plant-derived phenolic compounds under alkaline conditions was introduced, where 
both polymerization and deposition are most efficient. Natural antioxidants such as sodium 
ascorbate (SA), glutathione (GSH), and uric acid (UA) were used to inhibit the uncontrolled 
oxidation of phenolic compounds, while UV light could trigger the oxidation, polymerization, 
and deposition of polyphenols in a spatiotemporally controlled manner. This general 
phenomenon was applied to nine plant-derived phenols including pyrogallol, gallic acid, caffeic 
acid, tannic acid, pyrocatechol, catechin, morin, hydroxyhydroquinone, and epigallocatechin 
gallate and was demonstrated with three natural antioxidants SA, GSH, and UA. AFM analysis 
demonstrates that the produced nanocoatings, formed under alkaline and UV-antioxidant 
controlled conditions, are more homogeneous than those formed without antioxidants and UV 
light. The applicability of the method to create micropatterns or gradients of polyphenolic 
coatings, to control the polymerization temporally and stepwise, and to form patterns inside of 













                                                 
a This chapter is adapted from the publication below:114 
Farid Behboodi-Sadabad; Vanessa Trouillet; Alexander Welle; Phillip B. Messersmith; Pavel A. Levkin. Surface 
Functionalization and Patterning by Multifunctional Resorcinarenes. Accepted manuscript at ACS Applied 
Materials & Interfaces 2018, DOI: 10.1021/acsami.8b14771. 
 
Reprinted (adapted) with permission from (ACS Appl. Mater. Interfaces, 2018, 10 (45), pp 39268–39278, DOI: 
10.1021/acsami.8b14771, Publication Date (Web): October 18, 2018). Copyright (2018) American Chemical 
Society. 























































Inspired by the strong solid-liquid interfacial activity of plant polyphenols, various 
nanocoatings and adhesive precursors have been derived from plant phenolic 
compounds5,23,24,65,94. Similarly, adhesive coatings based on catecholamines such as dopamine 
(DA)1,4,8,28 have been developed inspired by the key role of marine adhesive polyphenols 
present in mussel foot proteins. 
A substrate-independent coating can be formed on the surface by simple immersion of a 
substrate into a slightly basic solution of DA or polyphenols. The presence of multiple 
anchoring points to the surface plays an important role for the strong interaction of polyphenols 
with the surface via hydrogen bonds, coordination bonds, π-π stacking or hydrophobic 
interactions.34,95 Such nanocoatings have been used for surface modification and development 
of novel materials for biology,51,96 material science,65 energy research,7,97 and various bio-
medical applications98,99 
However, there are still challenges in the usage of the coatings derived from catecholamines 
and plant polyphenols that limit applications of such coatings. For instance, several research 
groups36,80,81,100 including ours,23 tried to reduce nanoparticle-like structure formation in the 
coatings made from DA or polyphenols. Such aggregates cause high surface roughness, 
inhomogeneity, and subsequent weakness and instability of the coating.16,36,80,81 Multistep post-
functionalization36,101 is required in order to introduce desired functional groups onto the DA 
and polyphenolic nanocoating precursors.53,102 Examples include post-modification of 
polydopamine (PDA) layer with hydrophobic molecules or lipid-like molecules such as organic 
alkanethiols and alkane-phosphates.103 Moreover, common choices for secondary 
functionalization are mainly limited to complexation with metal ions, boronate ester 
complexation, self-coupling reactions, and reaction with nucleophiles (including amine, 
imidazole, and thiol groups).31,104,105 
Calixarenes represent building blocks for a complementary strategy for surface 
functionalization. Calixarenes and their derivatives have been used for sensor development,106 
cancer chemotherapy,107 chemical separations,49 molecular recognition,108,109 transfection of 





tetramer with crown (cone) conformation in calix[4]arenes,  which is the thermodynamically 
most stable isomer,42,46,112 provides a three-dimensional structure which can be decorated with 
desired functional groups on the small or large rim.46,113 
In a classical way, surface-reactive head groups on the small rim of the calixarenes were used 
to covalently bind calixarenes onto the surface.37 Mattiuzzi et al.2,44,45 used rigid tetrapodant 
calix[4]arenes as building blocks to form a monolayer on the surface by electrografting of 
calix[4]arene diazonium salts on the surface from their large rim side. Multivalency of 
calixarenes could increase their binding strengths. Using this strategy, a dense and closely 
packed monolayer of calix[4]arenes was formed on the surface due to the unique macrocyclic 
structure of the calixarene skeleton which prevents the formation of disorganized multilayers.2  
Resorcinarenes are resorcinol-derived calixarenes.46 Resorcin[4]arenes can easily be 
obtained by the acid catalyzed condensation of resorcinol with various aliphatic or aromatic 
aldehydes, which occurs on refluxing the reactants in a mixture of ethanol and concentrated 
hydrochloric acid (HCl) for several hours.46 Usually, the cyclotetramer crystallizes from the 
reaction mixture in reasonable to high yields in a simple one-step untemplated reaction, 
although for different aldehydes different optimal reaction conditions exist.46 In the context of 
surface modification, thiol-gold,38 ion-metal coordination,39 amine-graphene oxide,40 silane 
coupling,41 and platinum catalyzed42 binding chemistries have been used to make a layer of 
resorcinarenes on surfaces.  
In this chapter, I present a one-step strategy for surface functionalization by deploying 
bifunctional resorcinarenes that can adhere to different substrates including polyethylene (PE), 
polymethyl methacrylate (PMMA), stainless steel (steel), aluminum (Al), zinc (Zn), amine-
functionalized porous poly(2-hydroxyethyl methacrylate)-co-(ethylene dimethacrylate) 
(poly(HEMA)), ), amine-functionalized glass, and silicon wafer using their large rim side, while 
their small rim side can be used for the post-functionalization. The produced nanocoatings 
demonstrated homogeneity and transparency.  
Three different resorcin[4]arenes, compounds 1, 2, and 3 (Figure 4.1), were used as building 
blocks for the functionalization of different substrates. The large rim of resorcinarenes 1, 2, and 





the small rim is decorated with four methyl, undecyl, or dec-9-enyl legs, respectively. Formation 
of uniform, aggregate-free, and transparent nanocoatings using all three compounds 1, 2, and 3 
was demonstrated by apparent water contact angle (WCA) measurement, UV-vis spectroscopy, 
XPS, and AFM analysis. By varying the choice of “legs” on the small rim, desired functional 
groups can be directly introduced to the surface. For instance, compound 3 was synthesized 
with four pendant alkenyl groups at the small rim. UV-induced thiol-ene click chemistry was 
used to site-selectively post-functionalize the 3-modified surface with hydrophilic and 
hydrophobic functional groups, in order to tune the surface wettability against liquids 
possessing both high and low surface tension. This strategy could expand the choice of 
multifunctional building blocks for this class of bioinspired nanocoatings from catecholamines 
and plant phenolic compounds to tailor-made resorcinarenes. 
 
Figure 4.1 Chemical structures of C-methylresorcin[4]arene (1), C-undecylresorcin[4]arene 
(2), and designed C-dec-9-enylresorcin[4]arene (3) and their schematic representation.114 









4.2 Results and discussion 
The coating potential of resorcin[4]arenes using two commercially available 
resorcin[4]arenes, C-methylresorcin[4]arene (1) and C-undecylresorcin[4]arene (2) was 
investigated. In addition, C-dec-9-enylresorcin[4]arene (3) containing four appending alkenyl 
groups on its small rim was synthesized according to our previous report (Figure S10.1, Figure 
S10.2).42 
 
Scheme 4.1 (A) Formation of a uniform and transparent layer of multifunctional 
resorcin[4]arenes on the surface of a different of substrates by a one-step dip coating technique. 
(B) Modification of the surface with 3 and subsequent post-functionalization with hydrophilic 
(2-mercaptoethanol, ME) or hydrophobic (1H,1H,2H,2H-perfluorodecanethiol, PFDT) groups 
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To investigate coating formation ability of resorcinarenes, different substrates were 
immersed in a 0.8 mg/mL solution of 1, 2, or 3 in an ethanol:tris buffer (10 mM, pH 8.5) mixture, 
for 24 h at room temperature with gentle agitation (Scheme 4.1A,B). Deposition of a 
resorcinarene layers on the surface of different substrates including polyethylene (PE), 
polymethyl methacrylate (PMMA), stainless steel (steel), aluminum (Al), zinc (Zn), amine-
functionalized porous poly(2-hydroxyethyl methacrylate)-co-(ethylene dimethacrylate) 
(poly(HEMA)), and silicon wafer was investigated by apparent water contact angle (WCA) 
measurements, XPS, and AFM analysis. The term poly(HEMA) refers to amine-functionalized 
porous poly(HEMA) throughout the text and figures.  
 
4.2.1 Coating formation ability of resorcinarenes on different substrates 
Apparent WCA and contact angle hysteresis (CAH) on flat PE, PMMA, steel, Al, Zn and 
rough poly(HEMA) substrates before and after functionalization with 1, 2 and 3 are shown in 
Table 4.1. All flat surfaces modified with the same compounds showed similar WCAs 
indicating successful functionalization and homogeneous coatings. The difference in WCAs in 
the case of the poly(HEMA) reflects its porous rough surface, which leads to either decrease or 
increase of the apparent WCA after the modification with either slightly hydrophilic 1 or 
hydrophobic 2 and 3, respectively (Figure 4.2A,B).  
Table 4.1 Apparent water contact angles (θ) and contact angle hysteresis (Δθ) of different 
substrates before and after modification with 1, 2, and 3. 
 
Substrate Bare  +1 +2 +3 
 θ Δθ θ Δθ θ Δθ θ Δθ 
PE 86±2.1 ~57 73±4.2 ~60 107±4.3 ~52 105±3.2 ~51 
PMMA 70±2.2 ~46 67±4.3 ~39 100±3.4 ~37 103±4.6 ~44 
Steel 69±1.9 ~33 64±3.9 ~35 105±3.8 ~39 102±.3.9 ~34 
Al 74±2.2 ~42 65±3.6 ~38 109±2.9 ~36 107±3.8 ~34 
Zn 75±2.4 ~54 64±4.5 ~48 108±3.8 ~58 106±3.5 ~55 






Deposition kinetics of the resorcinarenes on the surface was monitored by measuring 
apparent water contact angle of poly(HEMA) substrate at different time intervals up to 36 h 
after immersing in the coating solution of 1, 2, and 3 (Figure 4.2C). Apparent contact angle 
reached a constant value of 16°±3, 138°±3, 137°±4 after 24 h of incubation in coating solution 
of 1, 2, and 3, respectively (Figure 4.2C). 
 
Figure 4.2 Deposition of resorcinarenes (1,2,3) on different substrates. (A) Water droplets 
formed on the surface of PE, PMMA, steel, Al, Zn, and amine-functionalized porous 
poly(HEMA) substrates before and after modification with 1, 2, and 3 and corresponding 
apparent WCA. (B) (C) Deposition kinetics of 1, 2, and 3 on the poly(HEMA) substrate 
monitored by measuring apparent water contact angle measurements after immersing the 
substrate in the corresponding coating solutions for different time intervals.114 
 
4.2.2 Stability of the resorcinarene layer on the surface 
Stability of the coated layer was investigated by monitoring apparent WCA of PE, steel, and 
poly(HEMA) substrates coated with 1, 2, and 3, at different time intervals after immersing or 
sonicating the substrates into a 1:1 ethanol:water mixture for 24 h (Figure 4.3). Apparent WCA 
of substrates coated with 1, 2, and 3 remained constant after immersing in a 1:1 ethanol:water 
mixture over 24 h, indicating deposition of a relatively stable resorcinarene layer on the surface 






























































































Sonication of the solution led to decrease of apparent WCA of the substrates modified with 
3 from 105° and 102° of the bare PE and steel substrates to 85° and 70°, respectively, indicating 
detachment of the resorcinarene layer from the surface within the first 6 h of sonication (Figure 
4.3C). Detachment of the resorcinarene from the surface could be due to relatively weak and 
reversible non-covalent interaction of the polyphenols with the surface.12 However, 1, 2, and 3 
formed a much more stable layer on the amine-functionalized porous poly(HEMA), confirmed 
by no change in apparent WCA even after sonication for 24 h, possibly due to covalent 
attachment of the phenolic groups of the resorcinarenes to the amino groups on the surface12 via 
Michael addition-type reaction or Schiff base formation.31,104,105  
 
Figure 4.3 Apparent WCA of PE, steel, and poly(HEMA) substrates modified with 1 (A), 2 
(B), and 3 (C) after immersion or sonication in ethanol:water 1:1 mixture for 24 h.114 
 
The adhesive strength of the resorcinarene layer of 3 deposited on the steel, PE and (amine-
functionalized) glass substrates by monitoring the apparent WCA of the substrates after 
immersing in aqueous buffer solutions at acidic (pH 3), neutral (pH 7), and basic pH (pH 9) for 
different time intervals was investigated (Figure 4.4). Apparent WCA of the substrates incubate 
at neutral pH didn’t change after 48 h. However, apparent WCA decreased significantly after 





























































































































(Figure 4.4). Significantly higher binding energy of bidentate hydrogen bonds in polyphenols 
than the binding energy of mono hydrogen bonds has been confirmed theoretically and 
experimentally.115 Hydrogen bonds could be formed between the hydroxyl groups (as hydrogen 
donors) on resorcinarene and the oxygen atoms (as hydrogen acceptors) on the (oxidized) PE 
and steel substrates.13 Generation of other types of interaction with the surface in addition to 
hydrogen bonds could be the reason of the stability of the resorcinarene layer on PE and steel 
substrates at pH 3, and pH 7 (Figure 4.4A,B).13 However, in basic environment (pH 9) 
resorcinarene layer detached from the surface of PE and steel substrates possibility due to 
deprotonation of the majority of the hydroxyl groups and their oxidation to quinone moieties25 
that leads to a weaker interaction with the PE and steel substrates (Figure 4.4A,B).  
 
Figure 4.4 Stability of the resorcinarene layer of 3 deposited on the surface of (A) steel, (B) 
PE, and (C) (amine-functionalized) glass substrates monitored by measuring the apparent water 
contact angle of the substrates after immersing for different time intervals at aqueous buffer 



































































































On the other hand, oxidation of hydroxyl groups to quinone moieties at basic pH, could 
enable covalent binding of the polyphenols to the amine-functionalized surfaces.12 Apparent 
contact angle of the 3-modified (amine-functionalized) glass substrate did not change 
significantly in natural (pH 7) and basic condition (pH 9), possibly due to covalent interaction 
with the surface (Figure 4.4C). However, in acidic environment (pH 3), quinone structure is 
favored over hydroxyl in polyphenols.25 Therefore, the weak surface interaction between 
resorcinarene layer and amine-functionalized surface observed in acidic pH (Figure 4.4C) could 
be due to the shift in the chemical equilibria of hydroxyl-quinone toward quinone structure.12 
Dependency of the adhesion strength and the stability of the substrate-independent 
polyphenolic nanocoatings on the substrate type, pH of the environment, and phenolic precursor 
was reported in the literature.6,12,13 
 
4.2.3 Characterization of the surfaces modified with resorcinarenes  
Deposition of a resorcinarene on the surface was investigated by XPS analysis of the 
substrates modified with 3. The strong decrease of the intensity of the characteristic substrate 
signals proves the modification of the substrate with 3 (Figure 4.5A,B and Figure S10.3). 
In the case of PMMA, C 1s at 288.9 eV attributed to O=C-O group was chosen as a marker. 
For further metal substrates, peaks stemming from the metal itself were observed, namely Fe 
2p, Al 2p, and Zn 2p doublets for steel, Al, and Zn substrates, respectively. A decrease of at 
least 75% of the initial intensity for the bare substrates was observed for all the mentioned peaks, 
which points out the presence of a new layer on the surface. Furthermore, the carbon 
concentration increased and more importantly the contribution of the component at 285.0 eV 
(C-C, C-H) in the C 1s spectra increased after surface modification. This observation supports 
the deposition of 3 on the surface since this compound contains long alkyl chains.  
Surface topography and thickness of the resorcinarene layer deposited on a silicon wafer was 
analyzed using AFM. A layer free from nanoparticle-like structures was observed on the silicon 
surface with an average thickness of 1.0±0.15, 2.1±0.24, and 1.9±0.18 nm and mean square 





2, and 3, respectively (Figure 4.5C,D, Figure 4.6). The average thickness of the resorcinarene 
layer was calculated by subtracting the average height of the scratched area from the average 
height of the unscratched area. Roughness values were similar to that of the bare substrates 
(RMSbare Si=0.3 nm, RMS of Si substrates before modification with 1, 2, and 3 were 0.3 nm, 0.4 
nm, 0.4 nm, respectively) indicating the deposition of a uniform layer on the whole surface. 
  
Figure 4.5 Surface modification using resorcinarenes (1,2,3). (A) Detailed C 1s and (B) Fe 
2p XP spectra of PMMA and steel substrates before and after modification with 3. (C) AFM 
height image of bare silicon, silicon after modification with 1, 2, and 3 after gentle scratching 
(on the left side of each sample). (D) Corresponding height profile along the lines.114 
 
These results agree well with the theoretical height values (estimated from MM2 energy 



























































































































AFM analysis of a smaller area (5 µm2 squares) of the bare and modified silicon substrates with 
1, 2, and 3 indicated that a compact uniform layer of resorcinarenes, free from nanoparticle-like 
structure, formed on the surface (Figure 4.6). The thickness values measured by AFM were in 
agreement with the thickness values measured by ellipsometry, 0.9±0.12, 2.3±0.19, and 
2.2±0.21 nm for the silicon substrate coated with 1, 2, and 3 respectively. 
 
Figure 4.6 AFM height image of the (A) bare, (B) 1-modified, (C) 2-modified, and (D) 3-
modified silicon surface. Corresponding height profiles along the lines are shown in the 
graphs.114 
 
4.2.4 Post-functionalization of resorcinarene-modified surface 
In order to investigate the ability to post-functionalize the substrates modified with 3, UV-
induced thiol-ene click chemistry was used to modify dec-9-enyl pendant groups on the small 
rim of 3 with 2-mercaptoethanol (ME) and 1H,1H,2H,2H-perfluorodecanethiol (PFDT) 
(Scheme 1C, Figure 4.7). Hydrophobic PFDT and hydrophilic ME were clicked on the 3-
modified surface by 1 min UV irradiation of PFDT and ME solutions. Apparent WCA 
measurements of 3-modified poly(HEMA) and 3-modified amine-functionalized glass 
substrates after post-functionalization indicated a high wettability contrast between PFDT- and 
ME-functionalized surface for liquids possessing both high and low surface tension (Figure 






































































































































































Figure 4.7 Tuning surface wettability by post-functionalization of 3 via UV-induced thiol-
ene click chemistry. Droplets of solvents with different surface tensions formed on the surface 
of poly(HEMA) (A) and glass (B) after modification with 1, 2, and 3, and after post-
functionalization of 3-modified surface with 1H,1H,2H,2H-perfluorodecanethiol (PFDT) and 
2-mercaptoethanol (ME) via UV-induced thiol-ene click chemistry. Corresponding apparent 
contact angles are shown in the graphs.114 
 
Apparent WCA of poly(HEMA) substrate increased from 2° to 137°, 152°, and 87° after 
modification with 3, and post-functionalization with PFDT and ME respectively (Figure 4.7A). 
Due to the combined micro- and nanoporosity of the poly(HEMA),116 apparent WCA reached 
152° after post-functionalization with PFDT. Water droplets rolled off the PFDT-functionalized 

















































































































































































3-modified poly(HEMA) substrate post-functionalized with PFDT was able to repel liquids 
with lower surface tension such as ethylene glycol (surface tension 47.7 mN/m) and 
cyclohexanol (surface tension 34.4 mN/m). However, surfaces post-functionalized with ME 
became again completely wettable for ethylene glycol and cyclohexanol (Figure 4.7A).  
Apparent WCA of glass substrate increased from 47° to 72°, 86°, and 61° after modification 
with 3, and post-functionalization with PFDT and ME respectively (Figure 4.7B). 3-modified 
glass after post-functionalization with PFDT was able to repel liquids with lower surface tension 
than water (surface tension=72.8 mN/m) including ethylene glycol (surface tension 47.7 
mN/m), cyclohexanol (surface tension=34.4 mN/m), and n-hexane (surface tension 18.4 mN/m) 
(Figure 4.7B).  
By post-functionalization of the 3-modified glass surface with ME, the contact angle of 
water, ethylene glycol, cyclohexanol, and n-hexane decreased from 72°, 55°, 19°, and 15° for 
the 3-modified glass to 61°, 43°, 15°, and 6° for ME-functionalized surface. Small differences 
observed in the contact angles after post-functionalization with PFDT and ME (Figure 4.7A,B) 
could be due to the chemical structure of compound 3, which contains a large relatively 
hydrophobic macrocycle (of four benzene rings) with four hydrophobic long alkenyl chains. 
Thus, post-functionalization of 3 with hydrophilic hydroxy groups (from ME) leads to a 
decrease of the surface energy but not a drastic one. Apparent WCA measurements, on one 
hand, confirmed post-functionalization of the substrates modified with 3 via thiol-ene click 
reaction, and on the other hand, demonstrated the ability to tune the surface wettability for a 
variety of liquids.  
The transparency of resorcinarene layer formed on the glass surface was investigated by 
measuring UV-vis spectra before and after modification of the surface with 3 and post-
functionalization with PFDT and ME. UV-vis spectra indicated that glass remains transparent 
after deposition of the resorcinarene layer and the subsequent post-functionalization (Figure 
4.8A). 
Stability of resorcinarene layer of 3 was investigated by measuring apparent WCA at 
different time intervals after sonication in a 1:1 ethanol:water mixture for 24 h. Apparent WCA 





photoclick reaction further confirming deposition of a more stable resorcinarene layer on the 
surface (Figure 4.8B). 
 
Figure 4.8 (A) Transparency (%) of bare glass, 3-modified glass, and after clicking PFDT 
and ME. (B) Apparent WCA of 3-modified porous poly(HEMA) and glass substrates before 
and after thiol-ene reaction after sonication in ethanol:water 1:1 mixture for 24 h.114 
 
4.2.5 Photopatterning of the resorcinarene-modified surface 
Thiol-ene photo-click chemistry is a versatile one-step procedure for spatial and temporal 
controlled coupling of thiol and alkene-functionalized compounds and has been used widely in 
materials science.117  
 
Scheme 4.2 (A) Schematic representation of site-selective functionalization of 3-modified 
glass surface with PFDT or ME via UV-induced thiol-ene click chemistry.114 
 
A layer of 3 contains alkenyl groups formed on the glass surface by immersing the substrate 
into the coating solution of 3 (0.8 mg/mL, in a 1:1 ethanol:tris buffer (10 mM, pH 8.5)). By UV 
irradiating through a photomask in the presence of PFDT and ME, it was possible to control the 















































































micropattern of hydrophilic spots within hydrophobic borders on the 3-modified substrate, a 
solution of PFDT was filled in between the surface and a photomask followed by 1 min UV 
irradiation through a photomask, followed by washing and drying. Finally, a solution of ME 
was filled into the setup and irradiated with UV light for 1 min to introduce hydroxyl groups on 
the alkenyl chains of 3, followed by washing and drying (Scheme 4.2).  
 
Figure 4.9 Photopatterning of the glass surface modified with 3 and formation of droplet 
microarray. (A) C 1s XP spectra of the 3-modified surface after post-functionalization with 
PFDT (top) and ME (bottom), indicating the formation of -CF2 and -CF3 functional groups on 
the surface after functionalization with PFDT. (B) ToF-SIMS F2
- and CF2
- ion intensity maps 
of 3-modified surface post-functionalized with PFDT (squares) and ME (borders). (C) Droplet 
microarray of dyed water, ethylene glycol, and cyclohexanol formed on 3-modified glass slide 
after the micropatterning.114 
 
Micropatterning of the 3-modified surface with PFDT and ME was confirmed by XPS and 
ToF-SIMS (Figure 4.9A,B). XPS chemical mapping war first conducted in order to identify the 
















































































































































































































































































































































































































































































































































































































































































































Afterward, high energy resolution spectra could be recorded at well-defined locations 
evidenced by the mapping (Figure 4.9A). Two peaks at 291.9 eV and 294.1 eV in the C 1s 
spectrum and the corresponding F 1s signal at 689.0 eV proved118 the presence of -CF2 and -
CF3 functional groups in the PFDT-functionalized regions next to ME-functionalized regions. 
In another micropatterning experiment, ToF-SIMS analysis confirmed the presence of the mass 
fragments corresponding to F2
- and CF3
- in the regions modified with PFDT (Figure 4.9B). 
 
Figure 4.10 Principal component analysis (PCA) of F 1s / XPS mapping of the 3-modified 
surface after post-functionalization with PFDT (borders) and ME (squares).114 
 
4.2.6 Dynamic wettability behavior of the post-functionalized surfaces 
In order to investigate the dynamic wetting behavior of the surface, advancing and receding 
contact angles of water, ethylene glycol, and cyclohexanol on glass substrate were measured 
before and after modification with 3, and post-functionalization with PFDT and ME (Figure 
4.11).  
The results of static and dynamic contact angle measurements indicated that although static 
apparent contact angles did not change a lot after the post-functionalization with PFDT or ME, 
the contact angle hysteresis values showed much larger difference confirming a successful post-
functionalization (Figure 4.11). These observations further confirmed the hypotheses that a 
resorcinarene layer containing bulk hydrophobic groups was deposited on all the surfaces.  





Due to the high contrast of wettability between PFDT- and ME-functionalized regions 
(Figure 4.7A,B, Figure 4.11), droplet microarrays could be spontaneously formed on the 
transparent micropatterned surface by rolling a droplet of liquid, including water, ethylene 
glycol, or cyclohexanol on the micropatterned surface (Figure 9C ).119 
 
Figure 4.11 Apparent static, advancing, and receding contact angles of (A) water, (B) 
ethylene glycol, (C) cyclohexanol on (amine-functionalized) glass, before and after 
modification with 3, and after post-functionalization with PTFE or ME.114 
 
4.3 Conclusions to chapter 4 
In this chapter, inspired by strong adhesive properties of natural polyphenols found in plant 
polyphenols, a new strategy was developed to use resorcinarenes as building blocks for surface 
functionalization. Resorcinarenes can be synthesized in a simple one-step reaction and provide 
eight hydroxyl groups on the large rim that serve as multiple anchor points to PE, PMMA, steel, 
Al, Zn, (amine-functionalized) poly(HEMA), (amine-functionalized) glass, and silicon wafer  
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Three resorcin[4]arenes, compound 1, 2, and 3, were used to make transparent uniform layers 
on the surface of plastic, metals, and silicon oxides by a single-step dip coating of the substrates 
in the corresponding solutions of resorcinarenes. Investigation of the stability of the 
resorcinarene layer on the surface indicated that the extent of stability of the resorcinarene layer 
on the surface was dependent on the substrate type and the pH values. Variation of the stability 
may be attributed to the different interaction mechanism of the polyphenols with different 
substrates. The most stable layer of resorcinarene was formed on amine-functionalized 
substrates possibly due to covalent attachment of resorcinarene to the surface.  
Compound 3 decorated with alkenyl appendages on the small rim enabled post-
functionalization of the surface via thiol-ene photo click chemistry. The 3-modified glass was 
post-functionalized with hydrophobic or hydrophilic functional groups by UV irradiating the 
substrate through a photomask for 1 min in the presence of PFDT or ME. Droplet microarray 
of liquids with either high or low surface tension was formed on the surface of the 
micropatterned glass substrate by rolling a drop of the liquid over the surace.  
This strategy could expand the choice of building blocks for this class of bioinspired 
nanocoatings from catecholamines and plant phenolic compounds to tailor-made 
multifunctional resorcinarenes with a wide range of potential applications in chemistry, biology, 















5.1 Summary of the thesis 
Plant phenolic compounds and macrocyclic polyphenols offer a wide range of choice for 
coating precursors to modify a variety of substrates. Desired physical and chemical properties 
of the surface can be achieved by modification with polyphenols and/or subsequent post-
functionalization. A literature review on substrate-independent coating strategies and their 
advantages and limitations with the focus on polyphenolic coatings was given in chapter 1.  
Phenolic compounds can undergo autoxidation in alkaline pH conditions. However, due to 
the rapid oxidation of phenolic compounds, there is a limited kinetic and spatiotemporal control 
over the deposition of polyphenols, which leads to the formation of weak and inhomogeneous 
nanocoatings. Two strategies were developed to control the kinetics of the oxidation, followed 
by polymerization and deposition of phenolic compounds including pyrogallol, gallic acid, 
pyrocatechol, tannic acid, catechin, and caffeic acid, some of the most common plant-derived 
phenolic compounds. In the first approach (chapter 2), it was demonstrated that reducing the 
pH of the solution to a slightly acidic condition slows down autoxidation kinetics, allowing the 
use of UV-induced photooxidation to control the deposition of polyphenolic compounds. In the 
second approach (chapter 3), inspired by the role of natural antioxidants in the human body to 
scavenge free radicals, antioxidants such as sodium ascorbate developed to inhibit the 
autoxidation of plant phenolic compounds in basic conditions. UV-light was used to induce on-
demand oxidation of natural polyphenols in both strategies which enabled spatiotemporal 
control over the polymerization and deposition of polyphenols. UV-vis spectroscopy and cyclic 
voltammetry analysis indicated that the kinetics of the oxidation of polyphenols slows down by 
reducing the pH or by adding sodium ascorbate to the solution of phenolic compounds, while 
UV irradiation can trigger and accelerate the oxidation process on demand. AFM analysis 
indicated formation of more homogeneous nanocoatings in the presence of sodium ascorbate 
on the surface. Fluorescence microscopy, XPS and ToF-SIMS confirmed formation of 
nanocoatings and micropatterns of polyphenols on polar and non-polar substrates. These two 
strategies were used to create micropatterns or gradients of polyphenolic coatings, to control 
the polymerization temporally and in a stepwise manner, and to form patterns inside of 





natural polyphenols and introducing a new simple path to the fabrication of bioinspired 
functional materials with potential applications in a wide range of fields.  
In chapter 4, resorcin[4]arenes were used to modify the surface of a variety of metal and 
non-metal substrates. The surface modification was achieved by dip coating the substrates into 
the dilute solution of these macrocyclic polyphenols. Resorcin[4]arenes can interact with the 
surface the eight hydroxyl groups which serve as multiple anchoring points. Decorating the 
lower rim with desired appending groups enables the surface properties to be tuned. Deposition 
of a uniform, stable and transparent layer of resorcinarenes on the surface was confirmed by 
water contact angle measurements, UV-vis spectroscopy, atomic force microscopy (AFM), and 
X-ray photoelectron spectroscopy (XPS). A stable layer of resorcinarene was formed on amine-
functionalized substrates possibly due to the covalent attachment of resorcinarene to the surface. 
A resorcinarene compound possessing four alkenyl groups at its lower rim was used to modify 
the surface, followed by site-selective post-functionalization via thiol-ene photoclick chemistry 
in order to introduce hydrophilic and hydrophobic micropatterns on the surface. Photopatterning 
was confirmed by XPS and time-of-flight secondary ion mass spectrometry (ToF-SIMS). A 
droplet microarray of liquids with either high or low surface tension was formed on the surface 
of the micropatterned glass substrate by rolling a drop of the liquid over the surface. This 
strategy could expand the choice of building blocks for this class of bioinspired nanocoatings 







5.2 Outlook  
Plant polyphenol-inspired materials offer a diverse range of building blocks that can be used 
to design a wide variety of functional materials and tune the final material properties.  
A promising area of further research in the field of plant polyphenol-inspired materials and 
coatings, would be the screening of a library of phenolic compounds and their combinations in 
order to strategically design multi-component phenolic materials. Investigation of properties of 
such libraries and combinations of polyphenols enables the engineering of surface properties 
such as antibacterial, antioxidant, and anticancer properties, which may lead to unexpected 
results. For example, antibacterial properties of tannic acid-based coatings have been 
investigated. However, properties of hundreds of other phenolic compounds have not been 
realized. Such studies may provide more insight into the structure-function relationship and the 
synergistic effects of polyphenols.  
One approach could be combining polyphenols with strong antibacterial properties with 
other compounds possessing strong coating formation abilities. Identification of combinations 
of phenolic compounds that lead to antibacterial coatings that are non-toxic to mammalian cells 
would be attractive. Blending polyphenols with antibiotics or silver to discover new types of 
therapies would be another attractive topic.  
Engineering material properties can be expanded to polyphenolic extracts of foods and 
beverages. Some of these extracts, for example extracts from green tea, are known to have 
herbal health benefits. In chapter 2, the coating formation ability of plant-sourced phenolic 
compounds from tea, wine, and coffee was demonstrated. This green approach can be used to 
develop environmentally-friendly approaches of surface functionalization.  
Investigation of the degradation kinetics of phenolic coatings at different pH conditions can 
enable the design of a controlled-release mechanism of cargos that bind to phenolic coatings 
and materials. Degradation kinetics of the coatings or nanoparticles made of a combination of 
phenolic compounds could be different from individual compounds. Investigating these 
behaviors could lead to developing dual responsive nanocoatings and nanoparticles that can 





In chapter 4, I demonstrated that resorcinarenes are capable to bind to the surface of a variety 
of substrates. A promising extension of this concept would be using resorcinarenes to develop 
surface modification strategies with the ability to form specific host-guest interactions. 
Comprehensive research has been devoted to derivatize resorcinarenes to provide a wide range 
of choices for developing resorcinarene based host-guest system on the surface of a variety of 
substrates.   
There are other attractive topics in the field of plant polyphenol-inspired materials that can 
be further investigated, such as expanding polyphenolic materials from 2D to 3D structure, 
tuning electrical conductivity by blending phenolic compounds and different metals, and 
improving mechanical properties of polyphenolic materials.  
Polydopamine-based materials have been investigated widely in a variety of applications. 
Established concepts from dopamine-based materials can be employed into the plant 
polyphenol-inspired research to generate new ideas for different applications. For example, 
oxidizing agents or microwave irradiation have been used to accelerated the polymerization and 
deposition of dopamine. Such strategies can be applied to polyphenolic compounds as well. 
Plant polyphenol-inspired materials offer a wide range of diversity of chemical and physical 















6.1 Experimental details for chapter 2a 
6.1.1 Materials 
Tannic acid (TA, 1701.19 g/mol, solid brown powder) was purchased from Sigma-Aldrich 
(Germany). All other (poly)phenols analogs, including, pyrogallol (PG, 126.11 g/mol, solid 
white powder), caffeic acid (CA, 170.12 g/mol, solid yellow powder), gallic acid (GA, 180.16 
g/mol, solid powder) were purchased from Sigma (Germany). 2-Hydroxyethyl methacrylate 
(HEMA), ethylene dimethacrylate (EDMA) were purchased from Sigma-Aldrich (Germany). 
Poly(tetrafluoroethylene) (PTFE), poly(methyl methacrylate) (PMMA), and poly(ethylene) 
(PE), glass slides, and silicon wafer substrates were cleaned by sonication in, deionized (DI) 
water, 2-propanol, and 0.1 M HCl for 10 min, washed with DI water, and dried with nitrogen 
gas. PMMA, PTFE, PE substrates were kindly provided by Institute of Toxicology and Genetics 
(ITG). Silver nitrate and all the other chemicals were purchased from Sigma-Aldrich (Germany) 
and used without further purification. High-purity DI water with a resistivity of 18.2 MΩ.cm 
was obtained from an inline Millipore water purification system. Acetone and the other solvents 
were obtained from Merck KGaA (Germany). Flexible UV transparent fused silica capillary 
tubing (TSU100375 model) was purchased from Polymicro Technologies (Germany).  
All buffers were made at 100 mM concentration. The following buffers were used: acetate 
(pH 4, pH 5, pH 6), phosphate (pH 7, pH 8), and carbonate-bicarbonate (pH 9, pH 10). Sodium 
chloride (600 mM) was added to buffers in deposition and patterning process. 
 
6.1.1 Characterization 
UV-Vis spectroscopy was performed with an Epoch 2 microplate spectrophotometer 
(BioTech). UV-Vis transmittance of glass slides was measured with a Lambda 35 UV-Vis 
Spectrometer (PerkinElmer). A UK 1115 digital camera from EHD imaging (Germany) was 
used to take images of the water droplet on the surface under ambient conditions. ImageJ 
                                                 





software with a Dropsnake plugin was used to measure the static water contact angle. The 
brightfield and fluorescence images were taken using a Leica DFC360 microscope (Germany). 
Mass analysis was performed using an electrospray ionization mass spectrometry (ESI-MS) 
(Bruker ESI-TOF in INT, KIT).  
XPS measurements were performed using a K-Alpha+ XPS spectrometer (ThermoFisher 
Scientific, East Grinstead, UK). All coatings were analyzed using a microfocused, 
monochromated Al Kα X-ray source (400 µm spot size). The K-Alpha charge compensation 
system was employed during analysis, using electrons of 8 eV energy, and low-energy argon 
ions to prevent any localized charge build-up. The spectra were fitted with one or more Voigt 
profiles (BE uncertainty: ±0.2eV) and Scofield sensitivity factors were applied for 
quantification. All spectra were referenced to the C 1s peak (C-C, C-H) at 285.0 eV binding 
energy controlled by means of the well-known photoelectron peaks of metallic Cu, Ag, and Au, 
respectively. 
The distributions of phenolic mass fragments and silver ions on the surface were investigated 
with a time of flight secondary ion mass spectrometry (ToF-SIMS) (ION TOF Inc., Münster, 
Germany), IFG, KIT. Atomic force microscopy was performed on a Dimension Icon AFM 
(Bruker) in standard tapping mode in air, INT, KIT. Cantilevers used where of type 
HQ:NSC15/AI BS (MikroMasch) with a nominal force constant of 40 N/m and a resonance 
frequency of 325 kHz. 
 
6.1.2 UV-irradiation of phenolics solutions 
An OAI model 30 deep-UV collimated light source (San Jose, CA, USA) fitted with a 500 
W HgXe lamp was used for UV irradiation. The lamp was calibrated to 10 mW/cm2 at 260 nm 
with the OAI 306 UV power meter. Reaction solutions were transferred into a glass vial and 






6.1.3 UV-Vis absorption experiments 
Phenolic compound solution (0.2 mg/mL) in buffers at different pH (100 mM) were stored 
in dark environment (dark samples) and were irradiated under UV (UV samples) for 2 h. The 
UV-Vis absorbance (300-900 nm) of the dark and UV samples measured at different time points 
(0, 30, 60, 90 and 120 min, buffer as the reference) using a Biotek Epoch 2 spectrophotometer. 
 
6.1.4 Deoxygenated solutions 
In order to keep the low oxygen-containing conditions, nitrogen gas was passed through the 
PG solution for 30 min in a quartz vial equipped with a septum. After purging nitrogen solution, 
the vial was irradiated for 2 h with the same UV light used for other solutions. The same 
procedure was used to prepare solution in a dark environment.  
 
6.1.5 Samples containing DMSO 
Buffer solutions (pH 7.0 non-purged solutions were used) containing 5 volume % DMSO 
were added to the PG solutions (0.2 mg/mL) and samples were irradiated with UV or kept in 
the dark for 2 h. UV-Vis absorption spectra were recorded at 0 min, 30 min, 60 min, 90 min, 
and 120 min. 
 
6.1.6 UV-Vis measurement in DI water and deuterium oxide medium 
PG solution (0.2 mg/mL) in DI water was subjected to UV irradiation or kept in dark 
environment for 2 h, and UV-Vis absorption spectra were recorded at 0 min, 30 min, 60 min, 
90 min, and 120 min. The same procedure was used to measure UV-Vis spectra of PG solution 







All electrochemical measurements were performed with a Reference 600 potentiostat 
(Gamry Instruments, Warminster, PA) in a three-electrode cell with a coiled Pt wire as the 
counter electrode, a Ag/AgCl (3 M KCl) reference electrode and a glassy carbon disk electrode 
(3 mm in diameter) was employed as a working electrode. The phenolic compounds (1.58 mM) 
were dissolved in buffer (100 mM) at different pH values (vide supra). Cyclic voltammograms 
were scanned from -0.2 V to 1 V for gallic acid and -0.2 V to 0.8 V for the other phenolic 
compounds at a scan rate of 100 mV/s. The glassy carbon electrode was polished before each 
cycle with 0.3 µm alumina slurry and rinsed thoroughly with DI water to remove adsorbed 
polymeric species resulting from the previous measurements. A neoLab-UV Inspection Lamp 
Type 6 with 14 mW/cm2 was used for UV irradiation and positioned at a distance of 0.5 cm of 
a quartz cuvette containing the solution of the phenolic compound.  The cyclic voltammograms 
were recorded at different time points (0, 30, 60, 90 and 120 min). 
 
6.1.8 Deposition of a phenolic layer on the substrate 
Clean substrates were immersed in buffered solutions of 10 mM precursor for 2 h, 6 h, 12 h, 
24 h 48 h in dark room at room temperature. Modified samples were then rinsed thoroughly 
with DI water and dried with nitrogen gas. Same conditions used to modify substrate with 
precursor under UV irradiation for 2 h. Coatings were visualized by immersing samples in 10 
mM AgNO3 for 48 h, followed by rinsing thoroughly with DI water, and drying with N2 gas. 
 
6.1.9 Photopatterning of polyphenols 
For patterning on the substrate, a photomask was fixed on top of the substrate. After filling 
the 10 mM phenolic solution (pH 5.0 for PG and pH 7.0 for TA), the sample was UV irradiated 
for 1 h. Then photomask was removed and the sample was rinsed with DI water and dried with 
N2. For the secondary modification by AgNO3, the patterned substrates were immersed into a 





N2. For the secondary modification by Rhodamine-SH (Rhodamine B was modified with 
cysteamine as described in our previous report120 to yield a rhodamine-thiol), the patterned 
substrates were immersed in a mixture containing 3 mL of DI water, 10 mg of the dye and 70 
µL of triethylamine for 24 h, then the substrate was carefully washed with DI water and dried 
with N2.  
 
6.1.10 Gradient pattern 
In order to make a polyphenolic gradient pattern, poly(HEMA-EDMA) modified substrate 
(detail of nano-porous poly(HEMA-EDMA) could be found in our previous report116), was fed 
into the patterning setup described before, and filled with PG solution (0.01 mg/mL, pH 7.0, 
phosphate buffer). A black cardboard cover was used to cover the photomask. To make a 
gradient pattern of polyphenol, different regions of the surface were exposed to UV light from 
0.0 to 7.5 min by moving the cardboard gradually. 
 
6.1.11 Patterning inside a capillary 
First, capillaries were modified with porous poly(HEMA-EDMA). Briefly, capillaries were 
filled with a sodium hydroxide solution (1 mol/L) for 1 h, followed by rinsing with DI water, 
then filling with an HCl solution (1 mol/L) for 30 min, then washing with DI water and drying 
with pumping air inside the capillary. The activated glass surface was functionalized with 20 
%vol. 3-(trimethoxysilyl)propyl methacrylate in ethanol for 30 min followed by washing with 
ethanol. The polymerization mixture (HEMA 24 %wt., EDMA 16 %wt., 1-decanol 45.5 % wt., 
cyclohexanol 14.5 % wt., 2,2-dimethoxy-2-phenylacetophenone (DMPAP) 1 %wt. with respect 
to monomers) was injected into the modified capillary using a syringe. Capillary filled with the 
polymerization mixture was placed under the UV lamp and irradiated with UV light for 15 min 
(The lamp was calibrated to 10 mW/cm2 at 260 nm with the OAI 306 UV power meter.) 
followed by washing with ethanol. Porous polymer was formed inside the capillary. In order to 
make a polyphenolic pattern inside the capillary, PG solution (0.01 mg/mL, pH 7.0, phosphate) 





under a photomask and irradiated with UV light (10 mW/cm2 at 260 nm) for 10 min followed 
by washing with DI water and acetone. For secondary modification with silver particles and 
fluorescent dye, aqueous solution of silver nitrate (10 mM) or Rhodamine 110 chloride solution 
(0.2 mg/mL in 10 mM phosphate buffer at pH 8.0) were injected into the capillaries and reacted 
overnight, followed by washing with DI water and acetone and drying with air.   
 
6.1.12 Deposition of polyphenols present in tea, coffee, and wine 
Green tea bags (TEEKANNE Grüner TEE) and 20 g coffee powder (Bellarom espresso 
coffee) were steeped for 10 min in 100 mL DI water at 80°C and left to be cooled to room 
temperature following by filtration with paper filter. 50 mL of tea infusion, coffee infusion, 
wine (VIÑA DEL ASADOR® Rioja DOCa) transferred to petri dish and a cleaned glass slide 
was dipped into beverages solution. After 1 h in dark environment or 1 h UV irradiation with 
the described setup glass slides were rinsed with DI water. In order to visualize the phenolic 
coating glass slides placed in 10 mM AgNO3 aqueous solution for 48 h followed by rinsing with 
DI. Photographing and UV-Vis spectroscopy of glass slides were performed before and after 
each step. 
 
6.2 Experimental details for chapter 3a 
6.2.1 Materials 
Materials. Pyrogallol (PG), gallic acid (GA), pyrocatechol (Ctl), epigallocatechin gallate 
(EGCG), tannic acid (TA), catechin (Ctn), hydroxyhydroquinone (HHQ), caffeic acid (CA), 
and morin were purchased from Sigma-Aldrich. L-Ascorbic acid sodium salt and uric acid were 
purchased from Alfa Aesar. Glutathione (reduced) was purchased from Amresco (Germany). 
Silver nitrate, Rhodamine 110 chloride, and all the other chemicals were purchased from Sigma-
Aldrich and used without further purification. 2-Hydroxyethylmethacrylate (HEMA), ethylene 
                                                 





dimethacrylate (EDMA) were purchased from Sigma-Aldrich. Nexterion B glass slides 
obtained from Schott AG and silicon wafers (CZ-Si-wafer 4 in.) from MicroChem GmbH were 
used. Glass slides and silicon wafer substrates were cleaned by sonication in deionized (DI) 
water, 2-propanol, and 0.1 M HCl for 5 min, washed with DI water, and dried with nitrogen 
gas. Flexible UV-transparent fused silica capillary tubing (TSU100375 model) was purchased 
from Polymicro Technologies. High-purity DI water with a resistivity of 18.2 MΩ cm was 
obtained from an in-line Millipore water purification system. Acetone and the other solvents 
were obtained from Merck KGaA. Phosphate buffers were made at 5 mmol/L concentration at 
pH 8.0. The final pH value adjusted by using a METTLER TOLEDO digital pH meter. 
 
6.2.1 Characterization 
Characterization. UV-vis spectroscopy was performed with a Lambda 35 UV-vis 
spectrometer (PerkinElmer). The bright-field and fluorescence images were taken using a Leica 
DFC360 microscope and Keyence BZ-9000 microscope. ImageJ software was used to measure 
gray value. Mass analysis was performed using an ESI-MS (Bruker ESI-TOF in INT, KIT) 
instrument in positive mode. Atomic force microscopy (AFM) was performed on a Dimension 
Icon AFM (Bruker) in standard tapping mode in air, INT, KIT. Cantilevers used were of type 
HQ:NSC15/AI BS (MikroMasch) with a nominal force constant of 40 N/m and a resonance 
frequency of 325 kHz. The distributions of phenolic mass fragments on the surface were 
investigated with time-of-flight secondary ion mass spectrometry (ToF-SIMS) (ION TOF Inc.), 
IFG, KIT. XPS measurements were performed using a K-Alpha+ XPS spectrometer 
(ThermoFisher Scientific, East Grinstead, UK), IAM, KIT. Data acquisition and processing 
using the Thermo Advantage software are described elsewhere.121 All coatings were analyzed 
using a microfocused, monochromated Al Kα X-ray source (400 μm spot size). The KAlpha 
charge compensation system was employed during analysis, using electrons of 8 eV energy, 
and low-energy argon ions to prevent any localized charge build-up. The spectra were fitted 
with one or more Voigt profiles (BE uncertainty: + 0.2 eV), and Scofield sensitivity factors 
were applied for quantification.122 All spectra were referenced to the C 1s peak (C-C, C-H) at 





Cu, Ag, and Au, respectively. The K-alpha+ snapmap option was used to image an area of 2 × 
2 mm with an X-ray spot of 200 μm (5 iterations were run to reach a better statistic). 
 
6.2.2 UV Irradiation of phenolic solutions 
UV Irradiation of Phenolic Solutions. An OAI model 30 deep-UV collimated light source 
(San Jose, CA) fitted with a 500 W HgXe lamp was used for UV irradiation. The lamp was 
calibrated to 6 mW/cm2 at 260 nm with the OAI 306 UV power meter. Reaction solutions were 
transferred into a quartz cuvette and irradiated under UV lamp for 2 h (unless stated otherwise) 
at room temperature, ambient atmosphere. 
 
6.2.3 UV-vis absorption experiments 
UV-vis absorption experiments. A 2 mL phenolic compound solution (0.2 mg/mL, unless 
stated otherwise) in the phosphate buffers at pH 8.0 (5 mmol/L) was stored in dark environment 
(dark samples) and irradiated under UV (UV samples) in quartz cuvettes for the desired time. 
The UV-vis absorbance (230-700 nm) of the dark and UV samples was measured at different 
time points (0, 5, 15, 30, 45, 60, 90, and 120 min; buffer as the reference) using a Lambda 35 
UV-vis spectrometer (PerkinElmer). For sample stored for a longer time, 2 mL of the solution 
was added into a quartz cuvette and sealed for each time point. UV-vis spectra were measured 
after 6, 12, 24, 48, and 72 h. Morin solution was prepared at 0.05 mg/mL in the phosphate buffer 
at pH 8.0 (5 mmol/L). For samples contacting antioxidants, the desired amount of the 
antioxidant was added to the buffer solution, and then the phenol was added to this solution. 
Because of the solubility issue of UA, PG solutions containing UA were prepared at 0.1 mg/mL 
in a 2.5 mmol/L phosphate buffer at pH 8.0. 
For on-demand polymerization experiments, PG solution (0.2 mg/mL, phosphate buffer pH 
8.0, 5 mmol/L, with GSH/PG molar ratio of 0.8:1 or without antioxidant) was kept in the dark 
for 30, 60, 90, 120, 150, and 180 min before recording the solution’s UV-vis absorption spectra. 





and the solution’s UV-vis spectrum was recorded every 30 min for 3 h. Similar experiments 
were done on PG solutions with 5 min of UV irradiation at different time points (30, 60, 90, 
120, and 150 min), and the UV-vis spectra of the solutions were recorded every 30 min. In 
another set of experiments, the solution was stored in dark and continuously irradiated with UV 
light at different time points, and the UV-vis spectra were recorded every 30 min for 3 h. 
 
6.2.4 Electrochemistry 
Electrochemistry. All electrochemical measurements were performed with a Reference 600 
potentiostat (Gamry Instruments, Warminster, PA) in a three-electrode cell with a coiled Pt wire 
as the counter electrode, and an Ag/AgCl (3 mol/L KCl) reference electrode. 
The working electrodes were a specifically activated glassy carbon disk electrode (3 mm in 
diameter) prepared as described in the literature.123 The electrodes were polished with 0.3 μm 
alumina slurry and activated before each measurement. The phenolic compounds (1.58 mmol/L) 
were dissolved in phosphate buffer (5 mmol/L) at pH 8.0. A neoLab-UV inspection lamp Type 
6 with 14 mW/cm2 was used for UV irradiation and positioned at a distance of 0.5 cm from a 
quartz cuvette containing the solution of the phenolic compound. The differential pulse 
voltammetry (DPV) was measured from -0.2 to 0.8 V with 25 mV pulse size, and the frequency 
is 5 Hz. The low buffer concentration does not provide sufficient ionic strength for the DPV 
measurements. Therefore, 0.1 mol/L KCl was added to the solution before measurement. 
 
6.2.5 Deposition of polyphenolic layer on the silicon surface 
Deposition of the Polyphenolic Layer on the Silicon Surface. Sodium chloride (60 mmol/L) 
was added to the phosphate buffers (5 mmol/L) in the deposition and micropatterning process 
to increase the ionic strength of the solution. Clean silicon substrates were immersed in buffered 
solutions of 0.2 mg/mL PG with SA (SA/PG molar ratio 0.4:1) or without SA for 30 min in dark 
room or under UV irradiation at room temperature. Modified samples were then rinsed 





with one tip of a pair of tweezers. Similarly, a phenolic layer was deposited on the surface of 
silicon by immersing the silicon surface in a 0.2 mg/mL (0.05 mg/mL for morin) phenolic 
solution of Ctl, EGCG, TA, Ctn, HHQ, and morin containing SA at SA/phenol molar ratios of 
0.15, 0.70, 0.85, 0.4, 1.50, and 0.30:1, respectively, and the samples were stored overnight in 
dark. The same conditions were used to make a phenolic layer on the silicon surface under UV 
irradiation for 30 min. 
 
6.2.6 Photopatterning of phenolics 
Photopatterning of Phenolics. For patterning on the substrate, a photomask was fixed on top 
of the poly(HEMA-EDMA) substrate using a setup described in our previous report.24 Details 
of nanoporous poly(HEMA-EDMA) preparation could be found in our report.116 A 0.2 mg/mL 
phenolic solution of PG, GA, Ctl, EGCG, TA, Ctn, and HHQ containing SA at SA/phenol molar 
ratios of 0.4, 0.1, 0.15, 0.70, 0.85, 0.4, and 1.50:1, respectively, was filled in between the 
photomask and the substrate, and the sample was UV irradiated for 10 min. Then, the photomask 
was removed, and the sample was rinsed with DI water and ethanol and dried with N2. For the 
secondary modification by AgNO3, the patterned substrates were immersed into a 10 mmol/L 
AgNO3 aqueous solution overnight, followed by washing with water and drying with N2. For 
the secondary modification by Rhodamine 110, the patterned substrates were immersed in an 
ethanol/phosphate buffer (pH 8.0, 5 mmol/L) 1:1 mixture containing 0.1 g/mL of dye overnight; 
then, the substrate was carefully washed with deionized water and ethanol and dried with N2. 
 
6.2.7 Sequential patterning of polyphenols 
Sequential Patterning of Polyphenols. For the preparation of the “KIT” pattern of three 
different polyphenols, first, the left part of the KIT logo was deposited on the surface of 
poly(HEMA-EDMA) by irradiating the PG solution (0.2 mg/mL, phosphate buffer 5 mmol/L, 
pH 8.0) containing SA/PG 0.4:1 molar ratio through a photomask, followed by washing the 
substrate with water and ethanol and secondary modification with Rhodamine 110 by incubation 





right part of the logo, were deposited on the surface by UV irradiation of Ctn and HHQ solutions 
(0.2 mg/mL, phosphate buffer 5 mmol/L, pH 8.0) containing SA/phenol 0.4, 1.5:1 molar ratio 
through the photomask for 10 min, respectively, followed by washing after each step. Three 
different filter sets [filter set 1 (DsRED), excitation filter 510-560 nm, emission filter 590-650 
nm; filter set 2 (GFP plants), excitation filter 450-490 nm, emission filter 500-550 nm; filter set 
3 (CFP), excitation filter 426-446 nm, emission filter 460-500 nm] were used to visualize each 
phenolic pattern. The “KIT” pattern was modified with silver particles by immersing it in a 
silver nitrate 10 mmol/L aqueous solution overnight. 
An overlaid pattern of polyphenols was made on the poly(HEMAEDMA) surface first by 
irradiation of PG solution (0.2 mg/mL, phosphate buffer 5 mmol/L, pH 8.0) containing SA with 
SA/PG 0.4:1 molar ratio and subsequent secondary modification with Rhodamine 110 as 
described before. The second pattern was formed by irradiation of Ctn solution (0.2 mg/mL, 
phosphate buffer 5 mmol/L, pH 8.0) containing SA with SA/PG 0.4:1 molar ratio followed by 
washing with water and ethanol after each step. Two different filter sets filter set 4 (TexasRed), 
excitation filter 522-602 nm, emission filter 584-664 nm; filter set 5 (DAPI-BP), excitation filter 
327-427 nm, emission filter 387-507 nm] were used to visualize each phenolic pattern. 
 
6.2.8 Gradient pattern 
Gradient Pattern. For a gradient of the polyphenolic pattern, poly(HEMA-EDMA)-modified 
substrate was fed into the patterning setup described before, and filled with PG solution (0.2 
mg/mL, phosphate buffer 5 mmol/L, pH 8.0) containing SA with SA/PG 0.4:1 molar ratio. A 
black cardboard cover was used to cover the photomask. 
For a gradient pattern of polyphenol, the cardboard was pulled off the photomask gradually 
within 5 min. Gradient patterns of polyphenols were modified with silver particles as described 
before. For overlaid gradient patterns, after deposition of the first pattern (triangle) by 5 min of 
UV irradiation of PG solution through a photomask and modification with Rhodamine as 
describe before, the second gradient pattern (hexagonal) was deposited on the same substrate 
by UV irradiation of Ctn solution through a photomask for another 5 min as describe before. 





left to right for Ctn) to make a contrast of patterns on two different sides. The substrate was 
immersed overnight in 10 mmol/L aqueous silver nitrate solution or Rhodamine dye solution 
for modification with silver or Rhodamine. 
 
6.2.9 Patterning inside a capillary 
Patterning Inside a Capillary. First, capillaries were modified with porous poly(HEMA-
EDMA) according to our previous report.24 Briefly, capillaries were filled with a sodium 
hydroxide solution (1 mol/L) for 1 h, followed by rinsing with DI water, then filling with an 
HCl solution (1 mol/L) for 30 min, then washing with DI water and drying with pumping air 
inside the capillary. The activated glass surface was functionalized with 20 vol % 3-
(trimethoxysilyl)propyl methacrylate in ethanol for 30 min followed by washing with ethanol. 
The polymerization mixture (HEMA 24 wt %, EDMA 16 wt %, 1-decanol 45.5 wt %, 
cyclohexanol 14.5 wt %, 2,2-dimethoxy-2-phenylacetophenone 1 wt % with respect to 
monomers) was injected into the modified capillary using a syringe. The capillary filled with 
the polymerization mixture was placed under the UV lamp and irradiated with UV light for 15 
min (the lamp was calibrated to 6 mW/cm2 at 260 nm with the OAI 306 UV power meter) 
followed by washing with ethanol. A porous polymer was formed inside the capillary. For a 
polyphenolic pattern inside the capillary, PG solution was injected into the capillary using a 
syringe. The capillary filled with the PG (0.2 mg/mL, phosphate buffer 5 mmol/L, pH 8.0) 
containing SA with SA/PG 0.4:1 molar ratio was placed under a photomask and irradiated with 
UV light (6 mW/cm2 at 260 nm) for 10 min followed by washing with DI water and acetone. 
For secondary modification with silver particles and fluorescent dye, an aqueous solution of 
silver nitrate or Rhodamine 110 chloride solution described before was injected into the 







6.3 Experimental details for chapter 4a 
6.3.1 Materials 
C-methylcalix[4]resorcinarene (1) and C-undecylcalix[4]resorcinarene monohydrate (2) 
resorcinol, 10-undecenal were purchased from Sigma-Aldrich (China, Switzerland, Germany, 
India, respectively). 2-Hydroxyethyl methacrylate (HEMA) and ethylene dimethacrylate 
(EDMA) were purchased from Sigma-Aldrich (Germany) and purified through a short column 
filled with basic aluminum oxide to get rid of the inhibitors. All the other chemicals were 
purchased from Sigma-Aldrich (Germany) and used without further purification. Formate (pH 
3), phosphate (pH 7), and carbonate–bicarbonate (pH 9) buffers were prepared at 100 mM 
concentration.  
Nexterion B glass slides were obtained from Schott AG (Mainz, Germany) and silicon wafers 
(CZ-Si-wafer 4 inch) from MicroChem GmbH (Berlin, Germany) were used. Polyethylene 
(PE), polymethyl methacrylate (PMMA), stainless steel (steel), aluminum (Al), zinc copper 
alloy (Zn) substrates were kindly provided by Institute of Toxicology and Genetics (ITG) at the 
KIT. Bare glass slides and silicon wafer substrates were cleaned by sonication for 10 min in, 
deionized (DI) water, 2-propanol, and acetone and dried with nitrogen gas. DI water, 2-
propanol, and ethanol were used to clean other substrates by 10 min sonication followed by 
drying with nitrogen gas. High-purity DI water with a resistivity of 18.2 MΩ cm was obtained 
from an inline Millipore water purification system. Acetone and the other solvents were 
obtained from Merck KGaA (Germany). Tris buffers were made at 10 mM concentration at pH 
8.5. The final pH value adjusted by using a Mettler Toledo digital pH meter (China).  
 
6.3.2 Characterization 
Mass spectrometry was performed using an ESI-MS (Bruker ESI-TOF, Institute of 
Nanotechnology (INT), KIT) in positive mode. 1H NMR spectra were recorded on a DRX-500 
                                                 





(500 MHz) (Bruker, Germany), and chemical shifts were reported in ppm using residual solvent 
peaks as internal standards. The UV−vis absorbance (200−900 nm) of the bare and coated glass 
slides was measured using a Lambda 35 UV−vis spectrometer (PerkinElmer, Germany). 
Apparent contact angle of different liquids (∼4 µL) on bare and modified substrates was 
measured using a Drop Shape Analyzer model DSA25S (Krüss, Hamburg, Germany). 
Advancing contact angles were obtained by measuring the contact angle while the liquid was 
slowly added (at a rate of 0.1 μL/s) from a ∼4 μL droplet to 12 μL in contact with the sample 
and a micrometer syringe. Receding contact angles were obtained with liquid slowly retracting 
(at a rate of 0.1 μL/s) from a ∼12 μL droplet to 4 μL. Atomic force microscopy (AFM) was 
performed on a Dimension Icon AFM (Bruker, Karlsruhe, Germany) in standard tapping mode 
in air (INT, KIT). Cantilevers used were of type HQ:NSC15/AI BS (MikroMasch) with a 
nominal force constant of 40 N m-1 and a resonance frequency of 325 kHz. The thickness of the 
resorcinarene layer on silicon substrates was measured using spectroscopic ellipsometry in dry 
state (M44, Woollam Co., Inc., Lincoln NE, USA). The ellipsometry measurements were 
performed at an angle of incidence of 75° in the spectral region of 370–900 nm. Ellipsometric 
parameters were fitted using a Cauchy model. ToF-SIMS experiments were performed on a 
TOF-SIMS 5 machine (ION-TOF GmbH, Münster, Germany) at the Institute of Functional 
Interfaces, KIT. XPS measurements were performed using a K-Alpha+ XPS spectrometer 
(ThermoFisher Scientific, East Grinstead, UK), IAM, KIT. Data acquisition and processing 
using the Thermo Advantage software is described elsewhere.121 All coatings were analyzed 
using a micro-focused, monochromated Al Kα X-ray source (400 µm spot size). The K-Alpha+ 
charge compensation system was employed during analysis, using electrons of 8 eV energy, 
and low-energy argon ions to prevent any localized charge build-up. The spectra were fitted 
with one or more Voigt profiles (BE uncertainty: +0.2eV) and Scofield sensitivity factors were 
applied for quantification.122 All spectra were referenced to the C 1s peak (C-C, C-H) at 285.0 
eV binding energy controlled by means of the well-known photoelectron peaks of metallic Cu, 
Ag, and Au, respectively. The K-alpha+ snapmap option was used to image an area of 3×3 mm 






6.3.3 Synthesis of C-dec-9-enylresorcin[4]arene 
Compound 3 was synthesized by the acid catalyzed condensation of resorcinol with 10-
undecenal by heating the reactants to reflux in a mixture of ethanol at 60°C for 16 hours 
according to our previous report.42 Briefly, 12 N hydrochloric acid (32 mL was added to a 
solution of 10-undecenal (33.6 g, 0.2 mol) and resorcinol (22.0 g, 0.2 mol) in ethanol (200 mL) 
over 10 min at 0°C. The red oil that formed after stirring the mixture for 16 h at 60°C was 
poured into well-stirred deionized water (600 mL). The orange precipitate was filtered off and 
washed thoroughly with hot deionized water followed by drying. The solid product was 
dissolved in acetonitrile (ACN) at 40°C and kept at room temperature for 3 h. By decanting the 
solution, the precipitated dark oil was removed. The yellow resulting solution was concentrated 
around by one-third and cooled to 0°C. The solvent was decanted after precipitation of another 
part of the dark oil. This procedure was repeated until no more dark precipitation was formed. 
The solvent was removed under reduced pressure to afford about 10 g (22%) of 3. Nuclear 
magnetic resonance (NMR) and mass spectrometry (ESI-MS) analysis were used to characterize 
compound 3. 1H NMR (500 MHz, CDCl3) of 3 is shown in Figure S9.1. ESI-MS (positive mode, 
m/z): [M+Na]+theor.=1063.6991, [M+Na]
+
exp.=1063.7035 (Figure S9.2). 
 
6.3.4 Deposition of the resorcinarene layer on the surface 
Cleaned substrates were immersed in a 0.8 mg/mL solution of 1, 2, or 3 in a 1:1, 3:1, or 1:1 
ethanol:tris buffer (10 mM, pH 8.5) mixture, respectively, for 24 h at room temperature with a 
gentle agitation. Resorcinarene modified samples were then rinsed thoroughly with DI water 
and ethanol and dried with nitrogen gas. 
 
6.3.5 Preparation of amine-functionalized surfaces 
Cleaned glass-plates were immersed in 1 M NaOH for 1 h and afterward washed with 
deionized water followed by immersing them in 1 M HCl for 30 min, washing with deionized 





containing 20 %vol. (3-aminopropyl)triethoxysilane. Then, the solution was stirred at RT for 5 
min. The substrates were washed with ethanol and dried with nitrogen gas. Details of the 
preparation of amine-functionalized nanoporous poly(HEMA) could be found in our 
reports.116,124 
 
6.3.6 Post-functionalization of C-dec-9-enylresorcin[4]arene 
Amine-functionalized glass or amine-functionalized porous poly(HEMA) substrates were 
modified with 3 according to the deposition process described above. 3-modified substrates 
were wetted with ethyl acetate solution of 20 vol% of 1H,1H,2H,2H-perfluorodecanethiol 
(PFDT), covered by a quartz slide, and irradiated by 5.0 mW/cm² 260 nm UV light for 1 min. 
After removing the quartz slide, the glass was washed with ethanol and dried with nitrogen gas. 
For post-functionalization with 2-mercaptoethanol (ME), the 3-modified substrates were wetted 
with ethanol-water (1:1) solution containing 10 wt% of ME, covered by a quartz slide, and 
irradiated by UV light for 1 min. The substrates were washed extensively with ethanol and dried. 
 
6.3.7 Photopatterning on the 3-modified surface 
The same procedure as used for post-functionalization was employed for photopatterning, 
however, instead of quartz slide a quartz chromium photomask was used to UV irradiate PFDT 
solution for 1 min. After removing the photomask, the substrate was washed with ethanol and 
dried. The resulting substrate was wetted again with ethanol-water (1:1) solution containing 10 
wt% of ME, covered by a quartz slide, and irradiated by UV light for 1 min. The substrate was 
washed extensively with ethanol and dried. For ToF-SIMS analysis, the 3-modified glass was 
first post-functionalized with ME by UV irradiating the ME solution through a photomask, 
followed by washing and subsequent post-functionalization with PFDT as described above. A 
droplet microarray formed on the micropatterned surface spontaneously by rolling a colored 
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Figure S 8.1 UV-Vis spectra of TA solution (0.2 mg/mL) at pH 5.0, and pH 6.0 stored in 















































































Tannic acid, pH 5, Dark Tannic acid, pH 5, UV






Figure S 8.2 UV-VIS spectra of TA solution (0.2 mg/mL) at pH 8.0, pH 9.0, and pH 10.0 
stored in dark environment (left) and after UV irradiation (right) measured at different time 
intervals.24 
 
Tannic acid, pH 8, Dark Tannic acid, pH 8, UV
Tannic acid, pH 10, Dark Tannic acid, pH 10, UV





























































































































Figure S 8.3 UV-VIS spectra of CA solution (0.2 mg/mL) at pH 5.0, pH 6.0, and pH 7.0 
stored in dark environment (left) and after UV irradiation (right) measured at different time 
intervals.24 
Caffeic acid, pH 5, Dark Caffeic acid, pH 5, UV
Caffeic acid, pH 7, Dark Caffeic acid, pH 7, UV





























































































































Figure S 8.4 UV-VIS spectra of CA solution (0.2 mg/mL) at pH 8.0, pH 9.0, and pH 10 
stored in dark environment (left) and after UV irradiation (right) measured at different time 
intervals.24 
 












































Caffeic acid, pH 9, Dark Caffeic acid, pH 9, UV
Caffeic acid, pH 10, Dark Caffeic acid, pH 10, UV

















































































Figure S 8.5 UV-Vis spectra of GA solution (0.2 mg/mL) at pH 5.0, pH 6.0, and pH 7.0 
stored in dark environment (left) and after UV irradiation (right) measured at different time 
intervals.24 
Gallic acid, pH 5, Dark Gallic acid, pH 5, UV
Gallic acid, pH 7, Dark Gallic acid, pH 7, UV











































































































Figure S 8.6 UV-VIS spectra of GA solution (0.2 mg/mL) at pH 8.0, pH 9.0, and pH 10.0 
stored in dark environment (left) and after UV irradiation (right) measured at different time 
intervals.24 
 
Figure S 8.7 UV Absorbance of the CA at 380 nm (left) and GA at 350 nm (right) as a 
function of time and pH.24 
 
Gallic acid, pH 8, Dark Gallic acid, pH 8, UV
Gallic acid, pH 10, Dark Gallic acid, pH 10, UV





























































































































































Figure S 8.8 UV-Vis spectra of PG solution (0.2 mg/mL) at pH 7.0 after 30 min purging 
nitrogen into the solution. Solution stored in dark environment (left) and after UV irradiation 
(right) measured at different time intervals. Absorbance of the PG solution at 350 nm (bottom) 
as a function of time and pH.24 
 
Figure S 8.9 UV-VIS spectra of PG solution (0.2 mg/mL) at pH 7.0 after adding 5 % DMSO 
to the solution. Solution stored in dark environment (left) and after UV irradiation (right) 
measured at different time intervals. Absorbance of the pyrogallol solution at 350 nm (bottom) 
as a function of time and pH.24 
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dark
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Figure S 8.10 UV-Vis spectra of PG solution (0.2 mg/mL) in deionized water. Solution stored 
in dark environment (left) and after UV irradiation (right) measured at different time intervals. 
Absorbance of the PG solution at 350 nm (bottom) as a function of time and pH.24 
 
Figure S 8.11 UV-VIS spectra of PG solution (0.2 mg/mL) in deuterium oxide. Solution 
stored in dark environment (left) and after UV irradiation (right) measured at different time 
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Figure S 8.12 Monitoring of GA by cyclic voltammetry (CV). Cyclic voltammograms of GA 
in buffers at pH 5.0, 6.0, and 7.0 vs time stored for 2 h in dark (left) or under UV irradiation 
(right). All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at glassy carbon 
electrodes with 1.58 mM concentration of plant phenolics.24 
Gallic acid, pH 5, dark Gallic acid, pH 5, UV
Gallic acid, pH 6, dark Gallic acid, pH 6, UV
Gallic acid, pH 7, dark Gallic acid, pH 7, UV














































































































Figure S 8.13 Monitoring of GA by cyclic voltammetry (CV). Cyclic voltammograms of GA 
in buffers at pH 8.0, 9.0 and 10.0 vs time stored for 2 h in dark (left) or under UV irradiation 
(right). All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at glassy carbon 
electrodes with 1.58 mM concentration of plant phenolics.24 
Gallic acid, pH 8, dark Gallic acid, pH 8, UV
Gallic acid, pH 9, dark Gallic acid, pH 9, UV
Gallic acid, pH 10, dark Gallic acid, pH 10, UV







































































































Figure S 8.14 Monitoring of TA by cyclic voltammetry (CV). Cyclic voltammograms of TA 
in buffers at pH 5.0, 6.0, and 7.0 vs time stored for 2 h in dark (left) or under UV irradiation 
(right). All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at glassy carbon 
electrodes with 1.58 mM concentration of plant phenolics.24 
 
 
Tannic acid, pH 5, dark Tannic acid, pH 5, UV
Tannic acid, pH 6, dark Tannic acid, pH 6, UV







































Tannic acid, pH 7, dark Tannic acid, pH 7, UV



















































































Figure S 8.15 Monitoring of TA by cyclic voltammetry (CV). Cyclic voltammograms of TA 
in buffers at pH 8.0, 9.0 and 10.0 vs time stored for 2 h in dark (left) or under UV irradiation 
(right). All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at glassy carbon 
electrodes with 1.58 mM concentration of plant phenolics.24 
 
Tannic acid, pH 9, dark Tannic acid, pH 9, UV
Tannic acid, pH 10, dark Tannic acid, pH 10, UV



































Tannic acid, pH 8, dark Tannic acid, pH 8, UV













































































Figure S 8.16 Monitoring of CA by cyclic voltammetry (CV). Cyclic voltammograms of CA 
in buffers at pH 5.0, 6.0, and 7.0 vs time stored for 2 h in dark (left) or under UV irradiation 
(right). All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at glassy carbon 
electrodes with 1.58 mM concentration of plant phenolics.24 
Caffeic acid, pH 5, dark Caffeic acid, pH 5, UV
Caffeic acid, pH 6, dark Caffeic acid, pH 6, UV
Caffeic acid, pH 7, dark Caffeic acid, pH 7, UV
















































































































Figure S 8.17 Monitoring of CA by cyclic voltammetry (CV). Cyclic voltammograms of CA 
in buffers at pH 8.0, 9.0, and 10.0 vs time stored for 2 h in dark (left) or under UV irradiation 
(right). All CVs were measured in 100 mM buffer at a scan rate of 100 mV/s at glassy carbon 
electrodes with 1.58 mM concentration of plant phenolics.24 
Caffeic acid, pH 9, dark Caffeic acid, pH 9, UV
Caffeic acid, pH 10, dark Caffeic acid, pH 10, UV
Caffeic acid, pH 8, dark Caffeic acid, pH 8, UV






































































































Figure S 8.18 A) Static water contact angle of polyethylene substrate immersed in buffer 
solution (100 mM, pH 5.0) after 2 h of UV irradiation, measured in 30 min interval. B) Decrease 
of the static water contact angle (WCA) over time for polyethylene substrates after immersion 
in TA (pH 7.0), GA (pH 6.0), and CA (pH 7.0) solution (10 mM) stored in dark environment 
and UV-irradiated substrates for 2 h. C) Decrease of the static WCA over time for PE substrate 
after immersion in 10 mM pyrogallol solution (acetate buffer at pH 5.0, phosphate buffer at pH 
7.0) stored in dark environment and UV-irradiated substrates for 2 h.24 
 
Figure S 8.19 Phenolic pattern inside the capillary tube. (A) Bare capillary tube. (B) HEMA-
EDMA polymerization mixture injected inside the capillary, then irradiated with UV light for 
15 min to produce a porous structure. (C) Capillary tube filled with pyrogallol solution (0.01 
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Figure S 9.1 Oxidation products of sodium ascorbate (SA), uric acid (UA), and glutathione 
(GSH) in the presence of oxygen and radical derivatives of oxygen (ROS).23 
 
Figure S 9.2 UV-vis spectra of PG solution (0.2 mg/mL) at phosphate buffer 5 mmol/L at 
pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing GSH 




















































































































0.20 mol GSH : 1 mol PG
0.40 mol GSH : 1 mol PG
0.80 mol GSH : 1 mol PG







Figure S 9.3 Effect of natural antioxidants on PG polymerization with and without UV 
irradiation. The graphs show UV absorbance of PG solutions (0.2 mg/mL, phosphate buffer 5 
mmol/L, pH 8.0) at 320 nm. PG polymerization solution in the dark (left) and under UV 
irradiation (right) in the presence of GSH (with different molar ratios of antioxidants to PG).23 
 
Figure S 9.4 UV-vis spectra of PG solution (0.2 mg/mL) at phosphate buffer 5 mmol/L at 
pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing UA 
measured at different time intervals.23 
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0.80 mol GSH : 1 mol PG
PG, pH 8.0, dark PG, pH 8.0, UV












































































































0 min0.40 mol UA : 1 mol PG
0.80 mol UA : 1 mol PG
1.50 mol UA : 1 mol PG






Figure S 9.5 Effect of natural antioxidants on PG polymerization with and without UV 
irradiation. The graphs show UV absorbance of PG solutions (0.2 mg/mL, phosphate buffer 5 
mmol/L, pH 8.0) at 320 nm. PG polymerization solution in the dark (left) and under UV 
irradiation (right) in the presence of UA (with different molar ratios of antioxidants to PG).23 
 
Figure S 9.6 UV-vis spectra of GA solution (0.2 mg/mL) at phosphate buffer 5 mmol/L at 
pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing SA 
measured at different time intervals.23 
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0.80 mol UA : 1 mol PG
1.50 mol UA : 1 mol PG























PG, pH 8.0, dark PG, pH 8.0, UV






































































































0.00 mol SA : 1 mol GA
0.22 mol SA : 1 mol GA














Figure S 9.7 UV-vis spectra of Ctl solution (0.2 mg/mL) at phosphate buffer 5 mmol/L at pH 
8.0, stored in dark environment (left) and after UV irradiation (right) containing SA measured 
at different time intervals.23 
 
































































































0.00 mol SA : 1 mol Ctl
0.30 mol SA : 1 mol Ctl














Figure S 9.8 UV-vis spectra of EGCG solution (0.2 mg/mL) at phosphate buffer 5 mmol/L 
at pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing SA 
measured at different time intervals.23 
 

































































































0.00 mol SA : 1 mol EGCG
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Figure S 9.9 UV-vis spectra of TA solution (0.2 mg/mL) at phosphate buffer 5 mmol/L at 
pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing SA 
measured at different time intervals.23 
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Figure S 9.10 UV-vis spectra of Ctn solution (0.2 mg/mL) at phosphate buffer 5 mmol/L at 
pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing SA 
measured at different time intervals.23 
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Figure S 9.11 UV-vis spectra of HHQ solution (0.2 mg/mL) at phosphate buffer 5 mmol/L 
at pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing SA 
measured at different time intervals.23 
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Figure S 9.12 UV-vis spectra of CA solution (0.2 mg/mL) at phosphate buffer 5 mmol/L at 
pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing SA 
measured at different time intervals.23 
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Figure S 9.13 UV-vis spectra of morin solution (0.2 mg/mL) at phosphate buffer 5 mmol/L 
at pH 8.0, stored in dark environment (left) and after UV irradiation (right) containing SA 
measured at different time intervals.23 
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Figure S 9.14 Differential pulse voltammetry (DPV) in phosphate buffer (5 mmol/L, pH 8.0) 
at activated glassy carbon disk electrodes for (A) CA solution (1.58 mmol/L CA in phosphate 
buffer, 5 mmol/L, pH 8.0) stored in dark (left) or under UV irradiation (right) for 2h and (B) 
SA-CA solution (1.58 mmol/L CA in phosphate buffer, 5 mmol/L, pH 8.0; 0.5:1, SA:CA molar 
ratio) stored in dark (left) or under UV irradiation (right) for 2h.23 
  

































































Figure S 9.15 AFM on silicon surfaces exposed to PG solution at pH 8.0 (5 mmol/L) with 
SA in dark (A), without SA in dark (B), without SA under UV irradiation (C), and with SA 
under UV irradiation (D) for 30 min. The obtained images indicate a more homogeneous 
phenolic layer is deposited on the surface in the presence of SA after 30 min UV irradiation at 
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Figure S 10.2 Mass spectrometry (ESI-MS, positive mode) spectrum of C-dec-9-































































Figure S 10.3 (A) Detailed Zn 2p and (B) Al 2p XPS spectra of Zinc copper alloy (Zn) and 
aluminum (Al) substrates before and after modification with C-dec-9-enylresorcin[4]arene (3). 
The signal intensities for Al 2p were normalized to the maximum of intensity.114
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